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HYDROLOGIC AND CHEMICAL EVALUATION OF THE GROUND-WATER
RESOURCES OF NORTHWEST ELKHART COUNTY, INDIANA

By-Thomas E. Imbrigiotta and Angel Martin, Jr.

ABSTRACT

A 3-year study in northwest Elkhart County, Indiana, was done to (1) de-
fine the general flow and quality of water in the outwash aquifer system, (2)
determine if a well field proposed for a site at the Elkhart Municipal
Airport would draw leachate from the Himeco landfill, and (3) define the areal
extent of the ground water affected by the landfill and an east-side indus-
trial-park area.

The outwash aquifers are mainly composed of sand and gravel and are sep-
arated by a silt and clay bed. The saturated thickness of these deposits
averages 175 feet and ranges from 85 to 500 feet. Where present, the silt
and clay bed confines the underlying aquifer. The confining bed is absent in
the area underlying the landfill and part of the airport. Average hydraulic
conductivities of the sand, and the sand and gravel, are 80 and 400 feet per
day, respectively. Regional ground-water flow is toward the St. Joseph River.

A quasi-three-dimensional ground-water flow model, calibrated to match
measured water levels and river seepages, was used to simulate proposed pump-
ings in the airport area. Drawdowns for simulated pumpings of 7.5-, 10-, and
20-million gallons per day were small percentages of the saturated thick-
nesses of the unconfined aquifer underlying the airport area. Model-simu-
lated streamflow reductions in Christiana Creek for these pumpings were 9,
12, and 23 percent of base flow, respectively. The model-simulated, steady-
state water-level maps for the 7.5- and 10-million-gallons-per-day pumping
experiménts indicated that these pumpings would not draw water from the land-
fill area to the pumping center at the airport. The simulated map for the
20-million-gallons-per-day pumping indicated that only a small part of the
flow into the pumping center could come from the landfill area. ‘

The general quality of ground water in the study area, defined by analy-
ses of 68 water samples from 35 observation wells, included slightly basic pH
(7-8), average hardness greater than 200 milligrams per liter as calcium car-
honate, average alkalinity greater than 150 milligrams per liter as calcium
carbonate, and, in more than 90 percent of the analyses, a calcium bicarbon-
ate water type.

Eight volatile organic compounds were detected in water from 8 of 19
wells sampled in the industrial-park area. The health-effects advisory limit
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for chronic exposure to trichloroethylene was exceeded in samples from six of
these wells. Areally, the results did not define a plume or a source of the

volatile organic compounds.

Concentrations of dissolved solids, bicarbonate, bromide, chloride, sul-
fate, ammonia, calcium, magnesium, manganese, potassium, sodium, and dis-
solved organic carbon in the leachate were at least five times their back-
ground concentrations. Concentrations of bromide and dissolved solids were
the best indicators of 1leachate. Bromide concentrations plotted areally
indicated that the landfill was the source of the leachate, the leachate
plume extended . between 3,100 and 5,600 feet downgradient from the landfill,
and the plume had not spread laterally much farther than the original width
of the 1landfill. Bromide and dissolved-solids concentrations plotted in
cross section indicated that the leachate plume was sinking as it spread
downgradient in the shallow unconfined aquifer and the leachate was present
in deep wells under and immediately downgradient from the landfill. All
chemical constituents were attenuated within approximately 1 mile downgrad-
ient from the landfill. :

INTRODUCTION

Problem Definition

Elkhart, Ind., obtains its water supply from three well fields screened
in a thick outwash aquifer. In 1980, daily pumpage from the three fields
averaged 7 Mgal. TITncreases in population and industrial activity projected
for the next 20 years will increase the demand for water in the Elkhart
area. A new well field to be located at the Elkhart Municipal Airport has
been proposed to meet the demand.

Ground-water quality has been degraded in some:  areas near Elkhart by
liquid and solid-waste-disposal practices. Volatile organic. compounds have
been detected in residential wells near an industrial area in east Elkhart.
A 1andfill on the northwest side of the city has been closed because its
leachate has penetrated the shallow unconfined aquifer. Because the landfill
is approximately 1 mi from the site proposed for the new well field, the
quality of ground water at the site could be affected.

To plan the expansion of the water supply, the Elkhart Water Works needed
to determine (1) the hydrologic suitability of the proposed well-field site,
(2) the areal extent of the effects of the landfill and the industrial area
on the local ground-water systems, (3) the effect of the landfill on ground
water at the proposed well-field site, and (%) the locations of other sites
near Elkhart that could provide an adequate ground-water supply.
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Purpose and Scope

To assess the problems in Elkhart, the U.S. Geological Survey, in cooper-
ation with the Indiana Department of Natural Resources and the Elkhart Water
Works, began a study whose objectives were to:

(1) Define the general ground-water hydrology of north-
west Elkhart County.

(2) Define the general ground-water quality of the
Elkhart area. :

(3) Determine the areal extent of the effects of the
Himco landfill and the east-side industrial park on
the local ground-water system.

(4) Determine the hydrologic effects (extent of cone of
depression, streamflow reduction) of the proposed
ground-water pumping at the Elkhart Municipal
Airport on the local ground-water system.

(5) Determine whether leachate from the Himco landfill
would affect the quality of water at the proposed
new well-field site.

Objeétives 1 and 4 are discussed in Part 1 of this report, "Ground-Water
Investigation," and objectives 2, 3, and 5 are discussed in Part 2, "Water-
Quality Investigation."

Acknowledgments

The authors acknowledge the assistance and the cooperation of the many
organlzations and people who made this report possible: The 14 industries
and 2 municipalities who helped reconstruct historical pumpage data; Indiana
and Michigan Electric Co., VanPLY, Inc., Morse Industries, Inc., Wayne R.
Howard, and George M. Cooper, for permission to install observation wells on
their properties; Ortman Drilling Co., Kokomo, Ind., for their excellent
workmanship in installing the deep observation wells; and Sam H. Lyle of the
Elkhart Water Works, for his invaluable help and support in data collection.



- BACKGROUND

Location and History.

¥

The study area is in the northwest quadrant of Elkhart County in north-
central Indiana (fig. 1). The 120-mi 2 study area is bounded on the west by
the Elkhart-St. Joseph County line, on the north by the Michigan State ling,
on the east by Indiana State Road 15, and on the south by a line 0.2 mi south
of the towns of Jamestown and Dunlap. These boundaries, as well as the major
rivers, creeks, roads, cities, and towns are shown in figure 1.

The city of Elkhart, the largest urban center in the study area, covers
16.8 mi2. The population of Elkhart is 46,000, and the population in the
fringe area around the city is 23,000 (Elkhart Chamber of Commerce, 1979).
Elkhart is a diversified industrial community of more than 700 businesses.
Major industrial activities are the manufacture of pharmaceuticals, recrea-
tional vehicles, mobile homes, and band instruments.

Agriculture is the major land use elsewhere in Elkhart County. Dairy and
poultry farming predominate, but fruit farming (apples) also ranks high
(Elkhart Chamber of Commerce, 1979). '

Himco Landfill

The Himco landfill, referred to as the "landfill" throughout this report,
is in northwest Elkhart at the intersection of County Road 10 and Nappanee
St. Extension. (See figs. 1 and 41.) The Elkhart Municipal Airport is
approximately 1 mi northeast of this intersection.

The Himco landfill was operated from 1960 to 1977 by Himco Waste Away
Service, Inc. This company hauled and disposed of wastes from virtually all
of Elkhart's major commercial and industrial businesses during this period.
Paper refuse, calcium sulfate, and other pharmaceutical byproducts were the
wastes deposited in the largest quantities (William Paynter, Indiana State
Health Commission, written commun., 1977}, and James King, Indiana State
Board of Health, written commun., 19782).

'Memorandum from William Paynter, State Health Commissioner, Indiana State
Board of Health, April 5, 1977, to Otis Bowen, Governor, State of
Indiana. .

?Memorandum from James King, Geologist, Indiana State Board of Health,
January 3, 1978, to David Lamm, Chief of Solid Waste Management Section,
Indiana State Board of Health.
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The ISBH (Indiana State Board of Health) identified the Himco site as an
open dump in 1971. In early 1974, residents complained to the ISBH that
shallow wells immediately adjacent to the site's south border had taste,
.odor, and color problems. The ISBH, under the authority of the 1974 Indiana
State Law SPC-18 governing operation and licensing of landfills, forced the
closure of this site by autumn 1977. Thus, from 1974 to 1977 it was operated
as a landfill.

The approximately 30-acre landfill site was originally a swampy low-lying
area. By the time of closure, the surface elevation of the fill had risen
approximately 15 ft above the original ground level at the center and 5 ft
above ground level on the perimeter. A 0.5-1 ft thick layer of sand and top-
soil was used as a final cover.

Industrial Park

The east-side industrial park, which is referred to as the "industrial
park" throughout this report, is bounded on the north by Conrail tracks, on
the west by Riverview Avenue and Outer Drive, on the south by U.S. 20 and the
city limits of Elkhart, and on the east by Middleton Run Road. (See figs. 1
and U42.) Within the 500-acre park are two industrial developments and some
land that is principally industrial or commercial. Some of the more than 60
businesses in the park include plants that produce injection-molded plastic
and foam parts, bottled aerosols, and mobile-home parts.

Taste and. odor problems were first reported in shallow wells in the
spring of 1975 by residents living in the area between the St. Joseph River
and the industrial park. 1In January 1976, a fire and an explosion at a com-
pany in the park directly south of these homes caused storage tanks contain-
ing pesticides and organic solvents to rupture. .At that time, some of the
spilled chemicals infiltrated the subsurface, and some flowed overland into a
nearby pond. Pesticides were not detected in water samples collected from
residential wells shortly after the fire (Ralph C. Pickard, Indiana State
Board of Health, written commun., 1977!). However, samples collected from
these wells in May 1976 and analyzed by the USEPA (U.S. Environmental
Protection Agency) were found to contain eight volatile organic compounds,
including methylene chloride, 1,l1-dichloroethane, and 1,1,l-trichloroethane
(Billy Fairless, U.S. Environmental Protection Agency, written commun.,
19762). Because the complaints predated the fire and explosion, the source
of these chemicals was presumed to be elsewhere in the industrial park. The
ISBH investigated all industries in the park adjacent to the affected resi-
dential area but was unable to determine the source of these compounds.

lLetter from Ralph C. Pickard, Assistant Commissioner for Environmental
Health, January 5, 1977, to Mrs. Thomas H. Hoetger, well owner, Elkhart,
Ind. ' '

2Letter from Billy Fairless, Acting Director, Central Regional Laboratory,
U.S. Environmental Protection Agency, June 1, 1976, to Neil Ott, Chief,
Water-Supply Section, Indiana State Board of Health.
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Physiography

The study area is in the St. Joseph River basin. The St. Joseph River
flows from east to west through this region, and all surface drainage in the
study area flows into either the river or its tributaries. The physiography
on both sides of the river consists of generally flat plains that grade to
rolling and hilly terrain to the north and south. The land-surface elevation
ranges from 950 ft in the hills in the southeast to 740 ft (NGVD of 1929) in -
the west at the St. Joseph River.

Climate

The Elkhart area has a temperate climate and an average yearly tempera-
ture of 10.1° C. Temperature ranges from an average of -U4.2° C in January to
23.1° C in July. The mean annual rainfall is 34.5 inches. For the climatic
period 1941-70, the average monthly rainfall ranged from 1.69 inches in
February to 3.91 inches in July (National Oceanic and Atmospheric
Administration, 1978). Snowfall averages 24.5 in./yr (inch per year) and
usually occurs hetween November and March.

Geology

Surficial Geology

‘Glacial 'ice extended 1into the study area four times during the
Pleistocene Epoch. Each period was followed by warmer periods of erosion by
melt-water streams as the ice receded. As a result, a thick deposit of
stratified and unstratified drift covers the bedrock. The surficial geology,
shown in figure 2, is characterized by a valley train outwash deposit bounded
on the north, south, and southeast by till plains that include ice-contact
stratified drift and ground-moraine deposits (Johnson and Keller," 1972;
Schneider and Keller, 1970). The deposits of till are mainly  composed of
silty sand interbedded with clay and silt units.



Bedrock Geology

Bedrock consists of .the Coldwater Shale of Mississippian age and the
Sunbury and the Ellsworth Shales of Devonian and Mississippian age (Johnson
and Keller, 1972; Schneider and Keller, 1970). Drillers' logs, seismic logs,
and test-drilling information were used to prepare the bedrock topographic
map shown in figure 3. The bedrock dips northeast. 1In the west-central part
of the study area is a preglacial bedrock valley whose axis trends northeast-
southwest. Depth to shale ranges from 85 to 500 ft and averages 175 ft.

Drillers' logs and test-drilling information were also used to construct
two geologic sections (figs. 4 and 5). Lines A~A' and B-B' for the two sec-
tions are shown in figures 2 and 3. These sections show vertical and lateral
relationships in the unconsolidated deposits, which are discussed in more
detail in the section "Hydraulic Characteristics of the Unconsolidated
Deposits.™ o

PART 1. GROUND-WATER INVESTIGATION

Part 1 of the report deals with ground-water availability in northwest
Elkhart County, Ind. The objectives were to define the general ground-water
hydrology and determine the hydrologic effects of the proposed pumping at the
Elkhart Municipal Airport on the local ground-water system.

APPROACH

For the first objective, various data were collected on the unconsoli-
dated deposits--thickness, areal extent, hydraulic conductivity, transmissiv-
ity, specific yield, and storage coefficient; the general ground-water flow
pattern and the stream-aquifer connections were defined; water-level fluctua-
tions were determined; and historical and present-day ground-water pumpages
were tabulated. .

For the second objective, digital-modeling techniques were applied. A
quasi-three-dimensional ground-water flow model, constructed to simulate the
ground-water system, was calibrated to steady-state conditions. Steady-state
and transient pumping simulations were run to investigate the long- and
short-term hydrologic effects of the proposed Elkhart Municipal Airport well
field on the ground-water flow system. Results obtained from the simulations
were also used to estimate the effect of the pumping on the flow system
around the Himeco landfill.

-9~
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HYDROLOGY

Hydraulic Characteristics of the Unconsolidated Deposits

The thickness and the areal extent of the 1ayéré in the unconsolidatéd
deposits were determined from lithologic logs of previously installed wells,
from logs of wells installed during this study (fig. 6), and from natural
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gamma-radiation logs of 35 deep test holes. These data indicate that the
sand and gravel associated with the valley-train deposits 2along the St.
Joseph River valley form an extensive outwash aquifer. The outwash deposits,
whose average depth is 175 ft, are overlain by a veneer of topsoil, whose
average thickness is 10 inches. Interbedded within these deposits, in much
of the study area, is a layer of silt and clay whose maximum thickness is 80
ft and average thickness is 20 ft. Where present, this layer divides the
outwash deposits into two aquifers and confines the deeper aquifer. The
thickness and the areal extent of the unconfined aquifer, where the confining
bed exists, are shown in figure 7, and the thickness and the areal extent of
the confined aquifer are shown in figure 8. The thickness and the areal
extent of the confining bed are shown in figure 9.

In two areas, the confining silt and clay layer is absent (figs. 7-9).

The area to the southeast coincides with the surficial deposits of till,
which average 60 ft in thickness. This till unit is underlain by a layer of
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sand and gravel interbedded with localized silt and clay lenses. The com-
bined deposit averages 200 ft in thickness and correlates in altitude with
the outwash deposits in the valley. Some of the sand and gravel deposits in
the southeast area are much siltier than those in the valley. The till and
the silt and clay lenses at depth locally confine the sand and gravel aqui-
fer. In the other more centrally located region, where there is no confining
bed, the aquifer ranges from 40 ft in thickness in the area of the North Main
Street well field, where a thick layer of clay and silt was deposited direct-
ly upon the bedrock surface, to more than 450 ft in the bedrock vaIley. The
thickness of the aquifer in the areas of no confining silt and clay bed is
presented in figure 10.

The hydraulic conductivities of the different aquifer materials in the
outwash system are based on data collected in  specific-capacity tests of
observation wells in the landfill area. Specific-capacity data can be con-
verted directly to transmissivity values with techniques developed by Theis
(1963) and Brown (1963) for nonsteady-state conditions in unconfined and con-
fined aquifers, respectively. Because of low pumping rates (averaging 15
gal/min) and short screens, the resultant transmissivity values were assumed
to represent only the screened interval of the aquifer (Meyer and others,
1975, p. 18). The hydraulic conductivity of the aquifer material at the
screened interval was calculated by dividing the transmissivity values by the
screen length. The results were separated into two categories--one based on
sand and the others on sand and gravel in the screened interval of each
well. Average values of hydraulic conductivity calculated for sand, and for
sand and gravel, were 80 and 400 ft/d, respectively. These values are in
close agreement with other hydraulic conductivity values calculated for out-
wash systems in South Bend, Ind. (Marie, 1975), Marion County, Ind. (Meyer
and others, 1975), and Carmel, Ind. (Gillies, 1976).

The lateral hydraulic conductivity of the silt and clay confining bed is
small, about 0.1 ft/day (Freeze and Cherry, 1979, table 2.2), relative to the
sand and gravel aquifer. Therefore, it was considered insignificant and was
omitted in all subsequent calculations.

The transmissivities of the unconfined and the confined aquifers were
calculated at points of known thickness by summing the products of the satu-
" rated thickness of each lithologie unit (sand or sand and gravel) and the
hydraulic conductivity of each unit.

Transmissivities calculated for the unconfined aquifer ranged from 4,000
ftz/d in several places to 175,000 ft2/d in the area of the bedrock valley
near the Himco landfill. Transmissivities calculated for the confined aqui-
fer ranged from 5,000 ftz/d, near the town of Jamestown, to 85,000 ft<€/d,
near the Elkhart Municipal Airport and north of the Michigan State line west
of Christiana Creek. ’

Collection of field data to determine the specific yield of the uncon-
fined aquifer and the storage coefficient of the confined aquifer was not
within the scope of this study. However, these properties were evaluated by
Marie (1975) in three aquifer tests at the South Bend, Ind., waste-water-
treatment facility. These ~tests were done approximately 25 mi west of the

1
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study area in an outwash deposit similar to that underlying northwest Elkhart
County. Results obtained were 0.16 for the specific yield of the unconfined
aquifer and 0.00006 for the storage coefficient of the confined aquifer.
These values fall within the typical ranges of 0.01 to 0.35 for specific
yield and 0.00001 to 0.001 for storage coefficient (Bennett, 1976).

No field data were collected for the direct determination of the vertical
hydraulic conductivities of the aquifer, confining bed, or streambed mater-
jals. However, an aquifer test in Marion County, Ind. (Meyer and others,
1975), analyzed with type curves presented by Stallman (1965), in an outwash
system similar to the one underlying northwest Elkhart County, yielded a
ratio of vertical to lateral hydraulic conductivity of 1:10. On the basis of
this ratio, the vertical hydraulic conductivities of the sand, and of the
sand and gravel, were calculated to be 8 and 40 ft/d, respectively. Previous
hydrologic studies in Indiana, in systems with materials similar to that in
the study area, have determined that 0.007 ft/d and 0.67 ft/d are average
values for the vertical hydraulic conductivity of confining bed and streambed
materials, respectively (Marie, 1975: Meyer and others, 1975; Gillies, 1976).

Ground-Water Flow

The direction of water flow in the aquifers underlying northwest Elkhart
County was determined by measuring and mapping ground-water levels in obser-
vation, domestic, and industrial wells throughout the study area. Stream
stage was also measured on the major streams at points near observation
wells. The average distance between stage measurements was 1.75 river
miles. Water-level maps were drawn from data collected in the unconfined and
the confined aquifers in May 1979. (See figs. 11 and 12.) The flow direc-
tion, which is perpendicular to the equipotential lines shown, is generally
toward the St. Joseph River. This flow pattern is characteristic of a well-
connected stream-aquifer system with a gaining stream. Vertical water-level
differences between the aquifers are generally small (less than 2 ft in
either direction) in areas away from the St. Joseph River and are difficult
to perceive from figures 11 and 12, owing to the contour interval used. How-
ever, in areas near the river, upward gradients, some greater than 5 ft,
indicate that ground water discharges to the river. There is an anomaly at
and near the hydroelectric dam where the impounded water level is held unnat-
urally high. Here the river loses water to the aquifer.

Contours are shown in figure 12 in areas where the confining bed is
absent. Data in these areas were collected from wells screened in both the
upper and the lower parts of the unconfined aquifer.  Upward vertical grad-
ients of as much as 7 ft were observed in these areas near the St. Joseph
River.

~25-



‘s R.13 W. R.12 W.
R.16 ¥. . . ) R.14 W. ' 85°U5"
y | 5 86°00', 55" | ——
1. , Christiana
{ Lake ;
i <
T. ) 7. Q
:; 8 > ‘ //////////,//’—1;21 V:
ik S. i" Baldwin f\/{:?
' ‘J\kGarver r;’ Lake {
i Lake 3 y J
'l”. 3 { (
1 = \/,—4
" Indiana s /{’\:\3 A
g . I CASS COUNTY MICHIGAN MICHIGAN _ Lake ¢ [] OV T Take '
B e e S B Rt 4 S Ry ¢
: INDIANA T INOTAN -
‘:5;. o L \/‘L\f‘\-\ . .
!, 41°ys! C::D C{i::ﬁ:*\‘Nké Simonton
(!! T. Boot Lake
38 :
e N. > (19
N COU/V Lo
¢ -_. )” \_1_
L NN
: i . Elkhart == o
- Aﬁﬁﬁgxﬁi?qzﬁyqﬁuypal Airport ( —x - QEBF_T
X \\ SN s 4’77ZJ"V££;32;NV~:Y/V“h,<
4 = NED: b BRISTOL  © A7 RIVER
B S 3 //'/"’/ /S D
i b n :
il = oo (LAY
L;?‘ &= Himeo ahd “ﬂMESifzéﬁg':
[N S . S H
i!ii }I L_A.IJ -'.. . ’P'
N W!é ’ & L. ]
il
ql
o
i
Bl
L% 1
: ]'j'g- £
il ]:; 41°40’ SRR N R W o B caccc.
i T, 0SCEOLA
37T [NISHAWAKA
N, -
[,
=
=]
-
Lad
[}
=4
(-
| | iy
al R.3E. R.7E
f“' EAA? } f ? ? ? ? MILES Study area
.
.| '
4 f
' o . _ “the confining bed is absent.
Figure 10.-- Thickness of the unconfined aquifer where . 8
-26- =-27-

EXPLANATION

Confining bed absent

——100—— Line of equal thickness.
Intervals 20 and 50 feet

Data paint



Y ™\
= Y Garver
Lake

: L CASSGRUNTTY

WeMsTE—
* 780

T

T B —
! 775

N. .

Heaton ~__
e Lake ™_ -

EXPLANATION

765 Line of equal altitude.
z o Interval 5 feet.
! 760 g o N Dashed where approximate.
g . e NGVD of 1829
T —————— 755 = N
— - Fo—HaRd Wk — H750 Data point
750 — | X I 5 ™, N
‘5\& “ﬁ“
i___—__““———'————__L-——”‘ % gl e
7 /""15?\‘:
e

° g’?‘ﬂpﬁh =
- *[‘\\” ~,

4
( N

=N\ k]
AN ™ )

~
FS
o

6 MILES
J

F."

Figure 11.-- Water levels in the unconfined aquifer, May 1979,

-28-~ _ ' -29-




86°00",
T A =
J/

Christiana

iy, TASS COUNTY

T el

L 4145’
. T.
i 38
R N.

EXPLANATION

Confining bed absent

Line of equal altitude.
Interval 5 feet.

Dashed where approximate.
NGVD of 1929

Data peint

41°40" ; ' Yo s
A : g 1o ;
1. Lo N : : -~ N I-r ELKHART
37 I SHAWAKA / ,\‘Q L ._J",_‘Lvu,: X
N. > /\h“" : , [ ] |
! /
& !
i : S8% 8 3
JAMESTOMIN o
S \
2] &
— ! V; N
e i S ¥ % N
R.3E - R.4E i R.7 E.
0 1 2 K] 4 5
L X . ; 1 1 ? MILES

Study area

Figure 12.-- Water levels in the confined aguifer, May 1979, o E— - : : : -

-30- -31-




Stream-Aquifer Connection

The hydraulic connection between a stream and an aquifer is a primary
concern in determining the potential yield of the aquifer. Pumping large
quantities of water from an aquifer can divert ground water from discharging
into the rivers and creeks and can even change gaining streams to losing
streams. Stream discharge, stream stage, and water levels near the streams
in both aquifers were measured simultaneously to help define the stream-aqui-
fer connection. Seepage (gain and loss) measurements were made on the
Elkhart River, Christiana Creek, and Baugo Creek in October 1978, May-June
1979, and September 1979, and on Pine Creek in September 1979. (See reaches
identified in fig. 13.) Flow-duration estimates for streams were based on 48
years of record at the USGS gage, Elkhart River at Goshen, 4 river miles
south of the study area. This gage is the only nearby active one not affect-
ed by artificial controls. Flows in October 1978 were measured at a 68-per-
cent flow duration and in May-June and September 1979 were measured at the
84-percent and the 78-percent flow durations, respectively (Horner, 1976).
Values of the two sets of seepages measured in 1979 were similar, whereas the
ones measured in 1978 were higher than those of 1979.

As a result of the +5-percent error assumed for all discharge measure-
ments, a range of seepage values was calculated on each reach for each set of
measurements (table 1). These calculations showed that reaches 1, 4, 5, 7,
8, and 9 were gaining stream segments, whereas reach 3 was a losing segment.
The seepage of reaches 2 and 6 could not be definitely defined as either
gaining or losing. Reach 3 on Christiana Creek was a losing reach, primarily
because the heavy pumping at the North Main Street well field reverses flow
gradients in the area.

Seepage was not measured on the St. Joseph River, the principal discharge
for the ground-water system. Discharge at the gaging station on the St.
Joseph River at Elkhart (fig. 13), regulated by the reservoir upstream, is
1,600 ft3/s at the 79-percent flow duration (Horner, 1976). Seepage to the
river within the study area is probably small relative to the total flow in
the river. Hence, seepage estimates would be masked by the inherent +5-per-
cent error in discharge measurements.

Water-Level Fluctuétions

Annual water-level fluctuations were determined from the hydrograph of
Elkhart 5, a continuous-record observation well screened in the unconfined
aquifer and in operation since October 1976. (See fig. 13.) The hydrograph
in figure 14 shows that water levels are highest in late March and April and
lowest in September and October. Water levels fluctuate from 2 to 4 ft/yr.
Water levels measured in the spring and the autumn of 1978 and 1979 fluctu-
ated similarly.
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Seasonal fluctuations in water levels are caused by differences in the
amount of recharge reaching the aquifers during the year. Precipitation is
virtually the only source of recharge for the aquifers. However, as noted
under the section "Climate," the average monthly rainfall is evenly distrib-
uted throughout the year. Fluctuation in recharge to the aquifer, therefore,
is not caused by the yearly precipitation distribution.

Evapotranspiration in the unsaturated zone is probably the primary cause
of water-level fluctuation. Water 1levels decline during the warm summer
months because shallow-rooted plants intercept water in the unsaturated zone
and prevent it from reaching the water table and recharging the aquifers.
The decrease in evapotranspiration at the end of the growing season during
the cooler months corresponds to a water-level rise. Because depth to the
water table averages 10 ft, direct evaporation from the water table is un-
likely. The effect of evapotranspiration on the ground-water flow system is
basically a reduction in recharge to the aquifers.

Ground-Water Pumpage

The ground-water pumpage in the Elkhart area was determined in a survey
of the major ground-water users. Average daily pumpage from the outwash
aquifers by 14 industries and 2 municipalities is 13.39 Mgal. Two users, the
city of Elkhart and a major industry, pump 85 percent of this total. The
locations from which these two major ground-water users pumped are shown in
figure 13. The 1974-78 average daily pumpage from and return to the desig-
nated aquifers are given in the table that follows.

Average
/ daily
Average daily pumpage, return,
1974-78 1974-78
From unconfined | From confined | To unconfined
aquifer. aquifer aquifer

Pumping center : (Mgal) (Mgal) (Mgal)
City of Elkhart

N. Main St. well field 5.75 ———- -——

Bower St. well field —— 0.69 ————

South well field ——— 1.15 ——

Major industry 63 3.16 1.64

Elkhart Water Works data were obtained from Sam Lyle, Elkhart Water
Works (written commun., 1979).
-33-



R.16 W, , R.15 . . R
5 86°00",
T . _Eag\l;’b ol
Lak
< <ia¢/hhrisriana i
’ L Lake
T.
8
< o)
AN z
Garver z
Lake =
- || CASS COUNTY MICHIGAN
i e e e
- INDIANA
GI°U5' Simonton
T. Lake
38 '
N.
. <o

41°40"

Elkhart
Municipal Airpor

" ELKHART COUNTY

[
-

x

HISHARAKA

——

OSCEOLA Lo i

- [ ELKHART

] hlld?Lf: —LL
: j R _
AT

L_ ISOUTH WELL
FIELD

| ST JOSEPH COUNTY

Heaton _,A}~\

R.JE.

"~
P

Figure 13.-- Seepage reaches and pumping centers.
-34-

-

Balcdwin

Lake

1

-35=-

E.

A
o
:.
|

EXPLANATION

» .
Reach I Reach and designation

USGS continuous-record well
Gaging station
Discharge measurment site -

Pumping centers



I ! I

elep oy

h-]
o
- — — — C —
©
a
>
°
3
— - - — - —
llllllll -_—— - 7]
elep oy -
||||||||||| o
— ] °
— — b4 —
w
~ © o !
~ M~ ~
@ 2 @ .
o ~ o 7
~ ~ N~
-2 (-] -]
e1ep ON elep ON
L - = - h-ull--|wJ£ — —
B S I | 1] “_ ! L ] 1 l
©C @ @ K W W O ¢ W K~ O W O M W KN ©W W O O @ M W W
~ W W W W O W W YV W N © VO W W W K © © w o
7n7777.777777777777777%77

6261 40 GABN ‘1334 N1 ‘NOILYAIT3

MAY JUNE JULY AUG SEPT

APR

JAN FEB MAR
1980 '

DEC

NOV

1979

ocT

Figure 14.-- Water-level fluctuations in well Etkhart 5.

-36-



The three Elkhart well fields have a daily capacity of 22 Mgal. The
highest daily recorded pumpage is 18 Mgal. Most of the pumping is done at
the North Main Street well field, owing to its central location and its prox-
imity to Christiana Creek. A dam on the creek at the well field creates a
series of interconnected recharge ponds. The recharge from these ponds to
the ground-water system keeps water levels high despite the heavy pumping.
No major change in pumpage is likely within the next 5 years.

The major industry withdraws water from the unconfined and the confined
aquifers. The industry returns some water to the unconfined aquifer by tile
fields and recharge ponds.

Ground water is pumped for irrigation in the northeast section of the
study area as well as in southern Michigan. Irrigation pumping, seasonal and
highly variable from year to year, depends primarily on weather conditions.
For these reasons and because the data would have been of 1little use in
accomplishing the objectives of the study, a detailed evaluation of irriga-
tion pumping was not done.

Summary of Hydrology

The Elkhart area is underlain by areally extensive, thick outwash aqui-
fers composed mainly of sand ‘and gravel. In much of the area, a confining
silt and clay bed separates the outwash deposit into two aquifers, an upper
unconfined aquifer and a lower confined aquifer. Near the landfill and the
Elkhart Municipal Airport, this bed is absent. Estimates of the hydraulic
conductivities of the aquifer materials are typical for outwash deposits.
Data collected indicate that the aquifers are highly transmissive in most
areas. The specific yield and the storage coefficient estimated for the con-
fined and the unconfined aquifers, respectively, are within the ranges typi-
cal for outwash systems. Ground-water flow 1is generally horizontal and
toward the St. Joseph River. However, in some areas near the river, ground
water flows upward into the river. Most of the creeks and rivers are gaining
streams that are apparently well connected with the aquifers. Water levels
fluctuate from 2 to 4 ft/yr. The fluctuation is primarily due to variations
in recharge to the aquifers, which is probably caused by evapotranspiration
in ‘the unsaturated zone. The Elkhart Water Works and a major industry pump
85 percent of the ground-water withdrawn.
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MODELING OF GROUND-WATER FLOW

Generalized Concept of Model

Digital-modeling techniques were used to simulate the movement of water
in the aquifers and estimate the hydrologic effects of the proposed ground-
water pumpage at the Elkhart Municipal Airport. The. construction of the
ground-water flow model was based on the authors' visualization of the
‘ground-water flow system. Because the unconsclidated deposits cannot be mod-
eled precisely, assumptions were made that reduced the complexity of the mod-
el design but did not significantly affect the accuracy of the results.

Modeling Assumptions

Assumptions made for the model simulating the ground-water system include:
1. The flow system is three dimensional.

a. - Flow in the aquifers is horizontal. There is no
horizontal flow in the confining bed.

b. Flow through the confining beds between the
aquifers- is vertical.

The aquifers are homogeneous and isotropic.

The bedrock is impermeable.

The ground-water flow system is at steady state.

The specific yield and the storage coefficient of the

unconfined and confined aquifers, respectively, are

uniform throughout the modeled area. Storage in the

confining bed is negligible.

Ul &= w i

Assumption i, part a, was made even though some of the flow in the con-
fining bed is horizontal. This flow is probably insignificant compared to
the horizontal flow through the aquifers.

Assumption 3 was made on the basis that the hvdraulic conductivity of the
shale is several orders of magnitude 1less than that of the aquifers.
Hydraulic conductivity of the shhle ranges from 1.3 x 107 to 1.3 x 10-3
ft/day (Freeze and Cherry, 1979, table 2.2). The contribution to the total
flow of the system by the bedrock is therefore negligible.

Tﬁe potentiometric surfaces of May 1979 and the seepage runs of September

1979 for Pine Creek and May-June 1979 for all other streams were assumed to
-represent the ground-water flow system at steady state (assumption 4).
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Model Selection and Design

The ground-water system was analyzed with a quasi-three-dimensional model
by Trescott (1975). The basic equation used in the model is the following
partial differential equation: E :

9 (Kyyxbd0)+3 (K, bdh)+ 3 (K,,b30) = SaheW(x,y,z,t)
ax - dx dy dy 9z " dz dat

In this equation, Kyxs Kyy, and K,; are the principal components of
hydraulic conductivity; h is the height of ground water above some arbitrary
datum: b is the saturated thickness .of the aquifer: t is time: Sg is the
specific storage of the aquifer; and x, y, and z are Cartesian coordinates.
The variable, W, includes well discharge, transient leakage from confining
beds, direct recharge for precipitation, and evaporation. The sign depends
on whether water is being added to (+) or withdrawn from (-) the system.

The ground-water system was modeled with two layers. The upper layer
(layer 2) represents the unconfined aquifer, whereas the lower layer (layer
1) represents the confined aquifer. In areas of no confining bed, the uncon-
fined aquifer was modeled in both layers 1 and 2. The geohydrologic section
of the model shown-in figure 15 is based on the geologic section shown in
figure 4.

A fihite-difference grid was constructed (fig. 16) for placing the hydro-
logic data in a form compatible with the digital model. The grid divides the
study area into rectangular-shaped blocks. Model-parameter values, obtained
by averaging the values over the entire area of the block, are entered at the
center of each block, defined as the node or nodal point. The grid, repre-
senting an area of 172 mi2 (16 mi by 10 3/4 mi), consists of 54 rows and 87
columns. With two layers the number of nodes in the model is 9,396. There
are 5,016 node blocks (each 800 ft by 800 ft) in the central part of the mod-
eled area. - Block sizes increase toward the model boundaries so that the
largest blocks are at the boundaries. Differences in block size are never
greater than 1.5 times the size of any adjacent blocks.

In areas where the confining bed is absent, the aquifer was separated
into two layers at points determined by projecting the altitude of the top of
the confining bed across these areas and interpolating values between the
points. . :

Streams were modeled as internal-léakage boundaries (fig. 16). The model
calculates vertical leakage at each stream node by taking the product of the
vertical hydraulic conductivity of the streambed, the gradient resulting from
the difference between river stage and the water level in the aquifer below,
and the ratio between the area of the stream and the area of the finite-dif-
ference block in which the stream is located.
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Boundary Conditions

One of the most important aspects of any model is the treatment of the
boundaries. Boundaries must be represented as accurately as possible or be
far enough away from any simulated stresses so that they will not be signifi-
cantly affected by those stresses.

Two types of boundary conditions were used in the flow-model analyses,
constant head and constant flux. Constant-head boundaries allow no drawdown
at the boundaries, even when the system is highly stressed nearby. The model
provides all the water necessary to maintain the zero drawdown at the bound-
ary nodes. This causes maximum flow into the system from the boundaries in
response to a simulated pumping stress. Constant-flux boundaries do not
allow additional flow in or out of model boundaries other than that at steady
state. For this reason, constant-flux boundary conditions produce maximum
drawdowns.

During the calibration procedure, all model boundaries for the upper and
lower layers were treated as constant head. Constant heads are usually used
because heads can be measured, whereas fluxes must be calculated. Constant-
flux and constant-head boundaries were used in all steady-state and transient
pumping simulations. Use of the two boundary conditions provides a range of
possible effects. :

Model Calibration

Before the model can be used as a tool to predict the effects of any new
stress, it must simulate steady-state conditions as accurately as possible
with the available data. The calibration procedure is a series of experi-
ments that involves varying the model parameters until they match the meas-
ured water levels and river seepages.

One of the least known parameters used in the model was the vertical
hydraulic conductivity of the confining bed. "~ This parameter was initially
set to 0.007 ft/d. With this value, model-simulated vertical head gradients
in the area where the confining bed is present were greater than measured
values. Subsequent experiments were made by increasing the vertical hydrau-
lic conductivity of this unit. The value of vertical hydraulie conductivity
that produced the best match over the modeled area was 0.07 ft/d. This
result lies in an upper range determined in a series of aquifer tests done
for tills in Ohio, Illinois, and South Dakota (Norris, 1962).

In areas near the St. Joseph River where the confining bed is absent,
measurements of upward head gradients between layers were not reproduced by
the model. Model-simulated gradients were approximately 1 ft or less between
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layers 1 and 2 in this area, whereas measured gradients were approximately 3 -
ft. The reason for this difference may be that the computed head at the node
is averaged over the entire grid block. ' Another possible explanation is that
not enough layers representing the aquifer "system were simulated in the mod-
el, where the confining bed is absent, for accurately reproducing the meas-
ured vertical head gradients. Representing the aquifer system with smaller
grid blocks and (or) more layers in the area would produce more accurate ver-
tical head gradients. '

Streambed-leakance values were calibrated by matching model-simulated
river seepages for each reach to the range of measured seepages and also by
matching model-simulated water 1levels near the streams to field-measured
water levels. (See table 1.) Calibrated values for streambed leakance at
river nodes ranged from 0.07 to 1.00 ft/d, but most values were near 0.5
ft/d. These values were simulated for a streambed thickness of 1 ft for all
rivers included in the model. The value 0.07 ft/d corresponds to a short
stretch of the Elkhart River near the mouth, where the river flows over sandy
clay, whereas the 1.00 ft/d value corresponds to a short stretch of
Christiana Creek north of the Michigan State line, where the streambed seems
to be composed of coarse gravel. A high value of 6.7 ft/d was used for three
river nodes on Christiana Creek at the North Main Street well field because
the recharge pond beds are periodically cleaned to allow maximum recharge to
the pumping wells.

Changes in transmissivity were minor during model calibration. Transmis-
sivity was changed by more than 30 percent from the original values in only
one area. This area was the bedrock valley, where the model-simulated water
levels were lower than measured values by about 6 ft. The hydraulic conduc-
tivity of the deposits in the valley was reduced to 40 ft/d. This reduction
was applied in only layer 1, as the bottom of layer 2 was modeled to termin-
ate above the rim of the valley. Lowering the transmissivity raised water
levels in both layers 2 to 3 ft in the vicinity of the bedrock valley and
produced a better match of model-simulated and measured water levels. The
change in this parameter did not significantly affect water levels or river
leakages elsewhere in the model.

Final model-calibrated transmissivity distributions for the unconfined
and confined aquifers are presented in figures 17 and 18, respectively. The
transmissivity distribution in the area where the confining bed is absent is
shown in figure 19.

Areal recharge values of 12 in./yr within the outwash valley and 4 in./yr
in the till plains (fig. 2) were used during model calibration.
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Table 1.--Model-simulated and measured seepages

Model-simulated
seepages Measured seepages
Positive value, Range based on measure-
river reach ment error. Positive
gaining; nega- value, river reach
tive value, riverj{gaining; negative value,
Streams and reach losing river reach losing
reaches (ft3/s) ©o(rt3/s)
Christiana Creek _ ' _
Reach 1 12.3 oY o 18.3
Reach 2 2.6 -3.7 ———mm- 11.7
Reach 3 -12.4 -18.5 —mceeea -3.7
Baugo Creek . '
Reach 4 4.5 - 6.8
Elkhart River . ' :
Reach 5 13.4 36— 50.5
Reach 6 8.9 _ -38.9 —meeees 9.9
Reach 7 ' 11.5° A 45.5
Pine Creek!
Reach 8 . 2.8 1.8 e v 3.3
Reach 9 1.5 : 1ol e 2.3

1Seepages for Pine Creek were measured in Sebtember 1979.
Seepages for all other streams were measured in May-June
1979. -

. After each calibration run, model-simulated heads and river seepages were
compared with measured values. The root mean square error (RMSE) was used to
compute a measure of the degree of fit for head values in each calibration
run:

N m Sy2

RMSE = i=1 )
N

where hT is the measured head, hf is the model-simulated head, and N is
the total number of observation points. A ratio (R) was calculated for lay-
ers 1 and 2 in each calibration run by the equation:

R = RMSE
Ah '

where RMSE is the calculated root mean square error value and h is the dif-
ference between the minimum and the maximum values of model-simulated heads
in the modeled area. BRMSE and R were used to determine which parameter val-
ues produced the best match of simulated water levels. Computed R values for
the final calibrated model were 0.04 and 0.03 for layers 1 and 2,
respectively. o
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A comparison of the calibrated steady-state results for water levels in
layers 1 and 2, simulated by the model, with measured water levels is shown
in figures 20 and 21. The distribution of sources and discharges in the cal-
ibrated model is shown in table 2.

Table 2.--Sources and discharges
simulated in the calibrated
model

[Data in cubic feet per second]

Sources of water

Areal recharge 118.1
Flow across boundaries 204.7
Recharge ponds at

ma jor industry 2.5

Recharge ponds at
North Main Street
well field 12.4

Total' sources 337.7

Discharges of water

Flow across boundaries 43.4
Pumping (layers 1
~and 2) ' 17.6
River leakage:
Christiana Creek 17.3
Baugo Creek ' 5.7
Elkhart River 37.6
Pine Creek . 4.6
St. Joseph River 209.0
Little Elkhart
River 2.8

Total river leakage 277.0
Total discharges -338.0
Percent difference

between sources
and discharges .09
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Comparison of the model-simulated water-level maps with the contour maps
prepared from measured water levels (figs. 11 and 12), suggests that the mod-
el has reproduced the general flow pattern. The model was not able to repro-
duce some small flow anomalies, such as the one near the hydroelectric dam,

probably because of the large-sized grid blocks used in modeling these areas.

Sensitivity Analyses

After model calibration, sensitivity analyses were done to test the
response of the model to changes in transmissivity, streambed leakance, ver-
tical hydraulic conductivity of the confining bed, and areal recharge rates.
Areas of the model that are sensitive to certain parameter adjustments were
defined. Model-prediction capability could be improved by concentrating data
collection in these areas.

The first step in the sensitivity analyses consisted of making a series
of runs in which one parameter was reduced by half over the entire model area
while all others were held to their calibrated value. After one parameter
was reduced, it was returned to its calibration value, and another parameter
was similarly reduced. Model runs were done until all parameters were indi-
vidually reduced.

Root mean square error values were calculated for each sensitivity run.
All computed values were less than 2.5 feet. The low values indicate that the
parameter adjustments used for the sensitivity analyses were not suff1c1ent to
produce large changes in head throughout the modeled area.

The changes in water levels produced by the transmissivity adjustment for
layers 1 and 2 are shown in figures 22 and 23, respectively. Decrease in
head was greatest near the St. Joseph River west of the hydroelectric dam.
Head increased generally north of the St. Joseph River. Flow into rivers and
across model boundaries simulated in the calibrated model and the sensitivity
analyses are presented in table 3. Decreasing transmissivity throughout the
model area decreases ground-water flow between recharge and discharge areas.
This tends to reduce heads at and near the streams and to increase them away
from the streams. Flow into the rivers and across model boundaries was
reduced. ' '

The model was most sensitive to the decrease in transmissivity at the
major industrial pumping center. Change in head was greatest in layer 1,
representing the confined aquifer, where most of the pumping takes place.
This result indicates that the model is most sensitive to the adjustment in
transmissitivity at stressed areas.

As shown in table 3, decreasing the vertical hydraulic conductivity of
the streambed reduced the amount of ground water discharging into the riv-
ers. Consequently, there was a net increase in flow leaving the system
across model boundaries. Reducing the stream-aquifer connection raised water
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Table 3.--River leakage and boundary flows for the calibrated
model and the sensitivity analyses

Fiow leaving ' Flow entering

ground-water system ground-water system
Across model Across model
boundaries Into rivers boundaries

Layer 1 | Layer 2 Layer 1 | Layer 2

(Ft3/s) | (£t3/8)| (ft3/s) (ftd3/s) | (£ft3/s)

Calibrated model 28.5 15.0 266.1 140.1 4.6
Transmissivity!? 15.7 9.8 169.2 64.4 28.7
Streambed leakance! 31.1 17.0 249.5 _ 133.5 61.9

Vertical hydraulic
conductivity of .
confining bed! 32.1 14,4 254,3 133.8 63.8

Areal recharge! 24.9  12.5 234.0 154.2 . T1.7

lpaprameters decreased by 50 percent from calibrated values.

levels throughout the model area, especially near the major streams. Water-
level increases are greatest near the St. Joseph River west of the hydroelec-
tric dam and near the Elkhart River halfway down the modeled stretch (figs.
24 and 25). Comparison of the two figures indicates that layer 2 is slightly
more sensitive to a decrease in this parameter than layer 1, probably because
layer 2 is directly connected with all the streams throughout the model and
layer 1 is not. : '

A 50-percent decrease in the calibrated vertical hydraulic conductivity
of the confining bed resulted in water-level changes for 1layer 1 that
exceeded 1 ft in three areas of the model (fig. 26). Water levels in layer 1
rose near the streams where the flow is primarily upward. Water levels gen-
erally rose in layer 2 in areas away from the streams (fig. 27). Decreasing
the hydraulic connection between aquifers tends to raise water levels in one
‘aquifer, depending on the vertical .flow direction. For example, if the flow
is primarily downward between two aquifers through a confining bed, decreas-
ing the connection between the aquifers will result in an increase in water
levels and gradient needed to cause flow through the less permeable confining
bed. As shown -in table 3, a slight reduction in ground-water discharge into
the rivers resulted from the decrease in the vertical hydraulic conductivity
of the confining bed. Also evident is that some water in layer 1 flowed out
of the model across the boundaries instead of leaking through the confining
bed into layer 2 and then discharging into the rivers.
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Reducing the areal recharge by 50 percent produced slightly greater draw-
downs in layer 2 than in layer 1 (figs. 28 and 29), probably because layer 2
is directly areally recharged in the model whereas layer 1 is not. The sim-.
ilarity in water-level declines in the two layers indicates that the layers
are hydraulically well connected. An increase in flow entering the model
across the boundaries, in response to adjustment in areal recharge, is shown
in table 3. The boundary conditions imposed in the calibrated model.buffered
the effect of reducing recharge and lowering water levels inside the model by
increasing the net flow across the constant-head boundaries.

In another set of sensitivity analyses, each of the previously discussed
parameters was increased 100 percent from calibrated values. The resulting
water-level changes were generaily in the same area and of the same magnitude
as those where the parameters were decreased 50 percent but of opposite
sign. For example, for the "S50-percent decrease" analyses, areas of head
increase are areas of head decrease in the "100-percent increase" analyses,
and conversely.

Results of the sensitivity analyses indicate that only a few areas of the
model were significantly sensitive to any of the parameter adjustments. The
most significant result of the analyses was that changes in streambed leak-
ance and transmissivity affect water levels near certain stretches of the St.
Joseph and Elkhart Rivers. If the model is to be improved, future data col-
lection should be concentrated on these parameters in and near these stretch-
es. This approach especially applies if the model is to be refined for
predicting the affects of a major stress in these more sensitive areas.

Simulated Ground-Water Pumping

Pumping at the well field proposed for a site at the Elkhart Municipal
Airport was simulated in a series of three experiments. Results of the ex- -
periments. were used to estimate the drawdown and the reduction in streamflow
in nearby streams. In addition, the experiments were used to determine the
potential impact of the 1andf111 on the proposed well field.

The Elkhart Water Works plans to use 10 pumping wells spaced 600 to 800
ft apart at the proposed well field. The average daily pumping rates will
probably range from 7.5 to 10 Mgal/d. Pumping rates for short-term peak
demands will probably reach 20 Mgal/d. Each of the three preceding rates was
simulated in the model at nine nodes spaced 800 ft apart. Little or no con-
fining bed is present in a large part of the airport area. The upper layer
of the model (layer 2) averages 35 ft in thickness in the viecinity of the
airport, whereas the lower layer (layer 1) averages 150 ft. The pumping was
simulated in layer 1 to take advantage of the full saturated thickness of the
aquifer. .
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The three pumping experiments were simulated to steady state with both
constant-head and constant-flux boundaries. Drawdowns and streamflow reduc-
tions resulting from the simulated pumpings were similar for both boundary
conditions in each experiment. This similarity indicated that the boundaries
did not significantly affect the pumping experiments. All maps showing draw-
downs or water levels produced by the model are based on experiments where
constant-flux boundaries are used. Use of these boundaries resulted in maxi-
mum drawdowns and streamflow reductions.

Drawdown and water-level distributions produced by the model in each
experiment were similar in layers 1 and 2. This similarity indicates that
the two layers in the area of interest simulated in the model are hydraulic-
ally well connected. For simplification, only maps of layer 1 resulting from
the pumping experiments are shown.

The steady-state drawdowns produced by the model for the three pumping
experiments, contoured directly from the model-generated plots, are shown in
figures 30-32. The steady-state water levels for each experiment in the
vicinity of the airport are shown in figures 33-35, and the prepumping
steady-state water levels are shown in figure 36. Flow lines were drawn per-
pendicular to the equipotential lines to establish direction of ground-water
flow.

The drawdown maps show that simulated water-level declines at the airport
range from an average of 5 ft for the 7.5-Mgal/d pumping to an average of 12
ft for the 20-Mgal/d pumping. These pumpings are highly feasible because
steady-state drawdowns resulting from the 20-Mgal/d maximum pumping are about
8 percent of the saturated thickness of the aquifer at the airport. The
steady-state water-level-distribution maps for the 7.5- and 10-Mgal/d simu-
lated pumpings indicate that no flow should be diverted from the landfill
area to the pumping center at the airport. The steady-state water-level-dis-
tribution map for the 20-Mgal/d simulated pumping showed that a small per-
centage of the total flow to the pumping center may come from the landfill
area.

Christiana Creek was affected more than any other stream in the pumping
simulations. A discharge measurement on Christiana Creek just upstream from
the North Main Street well field during the May-June 1979 seepage run was
used as a hase to estimate the percentage loss of streamflow due to simulated
pumpage. This discharge, measured at an 84-percent flow duration on the
Elkhart River at Goshen, was 79.4 ft3/s + 5 percent. The following table
summarizes the loss of streamflow of Christiana Creek for the three pumping
experiments described previously.

Pumping Streamflow Percentage
experiment loss loss from
(Mgal/d) (ft3/s) base flow

7.5 T3 9

10.0 9.8 12

20.0 18.6 23

The simulated pumping experiments had a negligible effect on the flow of the
St. Joseph River.
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Additional steady-state pumping experiments were done to determine the
effect of the proposed 10-Mgal/d pumping at the airport if lower than cali-
brated values were used for the streambed leakance of Christiana Creek and
the transmissivity of the aquifers. In one experiment, the streambed leak-
ance of Christiana Creek was reduced to one-tenth of the calibrated value.
In the ‘second experiment, the transmissivities of both layers were reduced by
the same factor. The resultant water-level distributions and associated flow
patterns in the vicinity of the airport from the two experiments are shown in
figures 37 and 38, respectively. The experiments show that little if any
ground water from the landfill area would be drawn into the pumping wells at
the airport even if either parameter is significantly lowered.

A transient simulation of 10-Mgal/d pumping at the airport was done to
approximate the length of time required for the ground-water system to reach
equilibrium. Figure 39 is a graph of drawdown plotted against time for a
pumping node near the center of the simulated well field. Steady state was
reached in approximately 600 days.

PART 2. WATER-QUALITY INVESTIGATION

In part 2 of the study, the general ground-water quality of northwest
Elkhart County was evaluated, the areal extent of the effects of the Himco
landfill and the industrial park on the 1local ground-water systems were
determined, and the effect, if any, of the leachate from the landfill on the
quality of water at the proposed well-field site was investigated.

APPROACH

Water samples were collected from observation wells throughout the study
area for determining general ground-water quality and areal extent of the
effects of the landfill and the industrial park on the local ground-water
system. Field analyses included determinations of temperature, specific con-
ductance, pH, dissolved oxygen, and redox potential. Laboratory analyses
included determination of major constituents (calcium, magnesium, sodium,
potassium, chloride, bicarbonate, sulfate, fluoride, silica, and bromide),
selected trace elements (iron, manganese, aluminum, mercury, arsenic, selen-
ium, 1lead, chromium, cadmium, barium, and boron), nutrients (ammonia,
nitrate, nitrite, organic nitrogen, and orthophosphate), silica, cyanide,
dissolved solids, dissolved organic carbon, and several specific groups of
organic compounds (phenols, volatile organics, and base/neutral extractable
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Figure 39.-- Relation of drawdown to time of pumping 10 Mgal/day at the airport.

organics‘). The results were statistically summarized, and the most impor-
tant factors influencing the results were determined by an analysis of var-
iance. Constituent concentrations were compared with National Interim
Primary and Secondary Drinking Water Regulations (U.S. Environmental
Protection Agency, 1975, 1979a). Data were plotted areally and, where appli-
cable, vertically, to explain the ground-water quality in the 1landfill and
the industrial-park areas.

WATER-QUALITY METHODS

Sampling-Well Network

Water samples were collected from 104 of the 168 observation wells in-
stalled for the study. The sampled wells were divided into three groups:
(1) county wells, (2) landfill wells, and (3) industrial-park wells.

lExtractable in methylene chloride from a strongly alkaline solution. See
Keith and Telliard (1979, p. 416-423).
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Wells in the first group, referred to as "county" wells in the remainder
of this report, were principally outside the Elkhart city limits in Elkhart
County. At many sites two wells were set, a shallow well (<45 ft deep) in the
unconfined aquifer and a deep well (2110 ft deep) in the confined aquifer.
In areas where the confining bed was absent, both shallow and deep wells were
screened in the unconfined aquifer. Because most of these wells are in areas
away from the influence of either the landfill or the industrial park, 35
county wells were sampled at 24 sites to obtain background concentrations for
all water-quality parameters of interest. The site locations of all county
wells sampled are shown in figure 40.

Forty-five wells were sampled at 17 sites containing from 1 to 5 wells,
either upgradient or downgradient from the landfill (fig. 41), to define the
areal extent of any leachate plume. These wells are called "landfill" wells
in the remainder of the report. At the sites with more than one well, wells
were screened at different depths for determining the vertical extent of the
leachate. The screen depths are shown in table 4.

Table 4.--Screen depths of landfill
wells sampled

Well Screen || Well Screen || Well Screen

desig-|depth desig-|depth desig-|depth

nation| (ft) | nation|(ft) nation|(ft)
Al 133 E3 174 Jl 40
A2 13 F1 32 J2 18
Bl 495 F2 153 J3 152
B2 12 F3 15 K1 60
B3 129 F4y 24 K2 15
BY 173 F5 195 K3 183
G 341 Gl 50 L1l 60
c2 12 G2 16 L2 185
C3 195 G3 169 LY 17
Ch 128 H1l 18 M1 24
D1 19 H2 39 M2 103
D2 174 HY 105 N1 30
D3 88 11 172 0l 30
El 80 I2 15 P1 24
E2 17 I3 35 Q1 24

At the industrial park, 24 wells were sampled at 22 sites in the area
south of the St. Joseph River and east of the Elkhart River (fig. 42). These
wells are called "industrial-park wells" in the remainder of the report. All
wells in this area were screened in the unconfined aquifer and were less than
45 ft deep.
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Well-Numbering System

Wells in the three groups are identified in subsequent illustrations and
tables as follows: County wells are identified by site numbers followed by
"S" or "D" (shallow or deep); landfill wells are identified by site letters
A-Q followed by single-digit numbers; industrial-park wells are identified by
three-digit site numbers 101 to 122, except 109, which has three wells iden-
tified as 109A, 109B, and 109C.

Sampling Frequency

Samples representing the full range of hydrologic conditions were col-
lected in March-May and September-October, periods of seasonally high and low
water levels, respectively.

Twenty-eight of the county wells were sampled in June and July of 1978.
On the basis of the data from these samples, 10 sites, with both shallow and
deep wells, were selected for additional sampling in March-April and

September of 1979.

Samples were collected from the landfill wells in April-May and October
of 1978 and April-May and September of 1979. Sites A-F and I were sampled
all four times. Sites G, H, J, K, and L were sampled only during 1978.
Wells M-Q, installed in April 1979 to determine if a leachate plume were pre-
sent, were sampled only the two times in 1979.

The industrial-park wells, installed in the summer of 1978, were sampled
in September 1978 and in April and September 1979.

Field Sampling Procedures

A uniform procedure was used to sample all observation wells. The tech-
niques used were primarily modifications of techniques recommended by Wood
(1976). A summary of the field sampling procedure follows:

(1) Water levels were measured in all wells at each sam-
pling site.

(2) The well to be sampled was then flushed by pumping the
well with a a centrifugal pump. 5
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(3)
(4)

(5)

(6)

(7

The flushing rate of each well was measured.

Properties and concentrations of constituents dissolved
were measured in the flushing water with a Hydrolab 6-D
multiprobe instrument. Readings were taken in 5-in.
diameter wells by 1lowering the multiprobe sonde into
the casing as close to the screen as possible. For
2-in. diameter wells, the sonde was placed in a flow
chamber at the surface. Water was pumped into the
inlet valve at the bottom and was allowed to flow up
through the chamber, past the probes, and out. Values
for field parameters determined by this apparatus
agreed closely with those measured directly in the
wells.

Two criteria were used to determine the length of time
a well would be flushed before sampling: A well was
pumped until at least two casing volumes of water had
been removed, or a well was pumped until the specific
conductance readings measured with the Hydrolab had
stabilized. These criteria were used to insure that
water representative of conditions in the aquifer was
sampled. The time necessary for the first criterion to
be met was calculated by dividing an estimate of casing
volume by the flushing rate. The second criterion was
met by measuring specific conductance every 5 min until
three successive readings differed by 1less than 10
umho/cm at 25° C. Generally, stabilization of specific
conductance required more time than removal of the two
casing volumes of water.

After a well was properly flushed, samples were col-
lected with a peristaltic pump. This type of pump was
used because it minimized contamination, aeration, and
degassing of the sample as no pump parts ever contacted
the pumped water and its discharge line was physically
convenient for sampling and for connecting to the flow-
chamber inlet. The intake for the peristaltic pump was
always positioned at a greater depth than the centri-
fugal flushing line to insure that the water sampled
was representative of conditions in the aquifer.

Samples that did not need filtering were obtained
directly from the discharge line of the peristaltic
pump and were preserved by standard procedures
(Skougstad and others, 1979). Samples for determining
dissolved constituents were pressure filtered with
nitrogen through a 0.45u membrane, collected in the
sample container, and preserved. Dissolved organic
carbon samples were obtained by the technique described
by Malcolm and Leenheer (1973).
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(8) Samples were also collected for the field determination
of dissolved oxygen by the azide modification of the
Winkler titration and of alkalinity by an electrometric
titration (Skougstad and others, 1979).

Laboratory Procedures

All samples were analyzed at the Geological Survey Laboratory in
Doraville, Ga., by procedures in Skougstad and others (1979). Dissolved
organic carbon was determined by the procedure outlined in Goerlitz and Brown
(1972). Volatile and base/neutral extractable organic samples were analyzed
by procedures described in U.S. Environmental Protection Agency (1979c¢).

Statistical and Computer Treatment of Data

Water-quality data were evaluated by a group of statistical computer pro-
grams called SAS or Statistical Analysis System (Helwig and Council, 1979).
Because one of the basic assumptions of the use of parametric statistics is
that the data are normally distributed, SAS was first used to test the nor-
mality of the data for each parameter. The data for most parameters were not
normally distributed. Therefore, the distributions were made more normal by
application of a natural logarithmic transformation of the form
y =1ln (x +1). These transformed data were used in all subsequent cal-
culations and presentations.

SAS was next used to calculate standard measures of central tendency
(mean, median, and mode), dispersion (standard deviation, variance, and coef-
‘ficient of variation), quartiles, and ranges for all parameters in selected
groupings of the wells. Differences in water quality between groupings were
hypothesized to result from the effects of four main factors: (1) season--
autumn or spring; (2) site type--county, landfill, or industrial park; (3)
aquifer depth--shallow (<45 ft) or deep (>45 ft); and site location--102
individual wells. Combinations of two or three of these factors--such as the
interaction between site type and aquifer depth (shallow county, deep county,
shallow industrial park, shallow landfill, or deep landfill--were also con-
sidered to be influencing factors. Factors that significantly affected the
results were identified by an analysis of variance (ANOVA). The ANOVA is a
statistical procedure that allows computation of the variances of each com-
ponent factor, assesses the relative importance of these factors, and identi-
fies significant differences between group means at a chosen confidence level
(Zar, 1974). Preliminary calculations indicated that all two- and three-fac-
tor combinations, except the interaction between site type and aquifer depth,
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either would not account for a significant part of the total variance or
would have been difficult to explain physically. For these reasons, the five
factors (season, aquifer depth, site type, site location, and interaction
between site type and aquifer depth) and a residual or error term to make up
the total variance observed were used in the analysis of variance. An unbal-
anced nested-factorial design ANOVA was done on 25 of the parameters measured
in this study. (See the general linear-models procedure in SAS, Helwig and
Council, 1979.)

Though the ANOVA indicated significant differences between well-group
means within a certain factor, it did not identify the particular means that
differed. Duncan's Multiple Range Comparison Test (Duncan, 1955) was used by
SAS to determine the significance of differences between the well-group means.

The geochemistry at several sites near the landfill was evaluated by
WATEQF, a chemical equilibrium computer model by Plummer and others (1976).
This model uses equilibrium thermodynamic data and dissolved-constituent con-
centrations to calculate the theoretical saturation conditions for more than
190 minerals. These calculations indicate which minerals are thermodynam-
ically supersaturated or undersaturated and, therefore, are possibly precipi-
tating or dissolving in the sampled ground-water system.

QUALITY-CONTROL RESULTS AND DISCUSSION

Precision and Accuracy

Several quality-control measures were used to test the variability intro-
duced into the water-quality results by sampling, shipment, and analysis.

Triplicate sampling of a landfill well demonstrated that the results of
nearly all parameters were reproduced within 10 percent. DOC (dissolved
organic carbon), with a coefficient of variation of approximately 100 per-
cent, was the principal exception. This variation may have been introduced
by use of vinyl tubing as a sampling line or contamination of the laboratory
equipment used to obtain the sample.

Differences between field and laboratory measurements of pH, specific
conductance, and alkalinity were generally less than 5 percent. These dif-
ferences indicate that chemical changes between the time of collection and
analysis were minimal.

Analyses of a three-way split of one sample showed analytical variabili-
ties of less than 10 percent for each parameter determined.

For most samples, the cation-anion balance agreed within + 5 percent.
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These quality-control findings indicate that the sampling and the analyt-
ical techniques used were effective for obtaining precise and accurate
results for all parameters except dissolved organic carbon. Because the
analytical variation of DOC was minimal, some type of sampling error was
apparently responsible for the observed variations of this parameter.

Comparison of Well-Casing Materials

PVC (polyvinyl chloride) casing has been cited as the preferred casing
material in most studies of ground-water quality, owing to its chemical
inertness (U.S. Environmental Protection Agency, 1977, p. 146; and Hughes and
others, 1974). PVC is resistant to chemical degradation or dissolution by
all common chemicals except ketones, esters, and aromaties. The principal
limitation to its use is its lack of physical strength and susceptibility to
damage.

Metallic casing materials may be subject to chemical degradation or dis-
solution under reducing or acidic conditions. Dissolution could introduce
iron, manganese, and other trace metals into the well water. However, metal-
lic casings are still desirable because of their ease of installation, physi-
cal strength, and resistance to damage.

Several types of well casing were used in the study: PVC, low-carbon
steel, galvanized steel, and stainless steel. An assumption made at the
beginning of the study was that, if a well casing was properly flushed before
sampling, the casing material would have very little affect on the quality of
water in the wells. Additional samples were collected at landfill site F and
at industrial-park site 109 to test this assumption.

Chemical analyses of water from three wells at site F (wells Fl1, F3, and
F4), screened in the same shallow aquifer, are presented in table 5. Al-
though the pH was not acidic, the ground-water environment was a reducing one
(absence of dissolved oxygen and redox potentials <200 mv). Iron and mangan-
ese concentrations of water from the low-carbon steel well were in between
those of water in the two PVC wells. These results are probably due to the
increase in reducing conditions with depth, indicated by decreasing redox
potentials, rather than a result of casing dissolution. This conclusion is
supported by the virtually equal dissolved-solids concentrations of water
from the three wells. Furthermore, there was practically no difference in
the concentrations of specific trace elements in water from the three wells.

At site 109, three wells were installed within 30 ft of each other. The
wells were screened at the same depth, but each was constructed of different
materials. Well 109A was constructed with galvanized-steel casing and
screen, 109B with low-carbon steel casing and screen, and 109C with stain-
less-steel casing and screen. All wells were pumped identically and were
sampled three times during the study. A simple analysis of variance compar-
ing the chemical analyses of water from these three wells was done on all
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Table 5.--Chemical analyses of samples collected
in September 1979 from three landfill wells
constructed of different casing materials

Wells at site F and
casing materials

Fu
F3 low-carbon F1l
Parameter Units PVC steel PVC
Well depth ft 15 24 32
pH -- 7.4 ToT TT
Redox potential mv +212 +109 +41
Oxygen, diss. mg/L <.05 <.05 <.05
Solids, diss. mg/L 422 421 419
Iron, diss. vg/L 20 90 630
Manganese, diss. rg/L 20 60 70
Cadmium, diss. ug/L <.5 <.5 <.5
Lead, diss. ug/L <.5 1 2
Arsenic, diss. 1g/L <.5 €5 3
Chromium, diss. ug/L <5 <5 <5
Barium, diss. ug/L 200 <50 200

parameters. The ANOVA demonstrated that, for the three wells, measurements
of iron, manganese, pH, redox potential, and dissolved-solids values were not
significantly different at the 95-percent confidence level. The only para-
meter whose measurements differed significantly was specific conductance,
which was highest in the low carbon steel well. However, the explanation for
this high value is not increases in iron, manganese, or other dissolved trace
metals but, rather, increases in chloride and magnesium. These findings at
the site-109 wells support the assumption that the well-casing material has
little affect on water-quality results when the well has been properly
flushed before sampling.
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WATER-QUALITY RESULTS AND DISCUSSION

Analysis of Variance Results

The analysis of variance described in the section "Statistical and
Computer Treatment of Data" was used to test the significance of differences
between means of certain groups of water-quality data. This statistical pro-
cedure was used on 25 parameters determined in the study. The results of the
analysis of variance are given in table 6. The values reported in the table
are probabilities that differences in the values of a parameter caused by a
particular factor are not due to chance alone. For example, the differences
in water-temperature data due to sampling season were statistically signifi-
cant at the 99-percent level; that is, there is a 99-percent probability that
unequal mean temperatures result from different sampling seasons and not
because of chance alone. Differences significant at less than 80-percent
level were not reported.

Well-site location was the factor having a significant effect on the
largest number of water-quality parameters (20). This result was no surprise
because sampling wells were placed upgradient and downgradient from the land-
fill specifically for observing differences in water quality. The most
important differences noted among the 102 wells evaluated are discussed in
the sections "County Wells," "Industrial-Park Wells," and "Landfill Wells"
that immediately follow this section.

Though the factors site type and aquifer depth affected only a small num-
ber of parameters separately, the interaction of these two factors signifi-
cantly affected the second largest number of parameters. Differences in
water-quality results among the five groups of wells making up this factor
(shallow county, deep county, shallow landfill, deep landfill, and shallow
industrial park) were significant at the 80-percent or greater level for 14
of the 25 parameters. The results for these five groups are summarized in
the sections mentioned in the preceding paragraph.

The Duncan's multiple range test, used to determine significant differ-
ences between the group means, pointed out an important general finding in
the results of the interaction between site type and aquifer depth. Concen-
trations of several parameters in samples from the shallow landfill wells
were significantly higher than concentrations of those parameters in samples
from the other well groups. This pattern for dissolved solids is illustrated
in figure U43. Similar patterns were also observed for potassium, sodium,
calcium, specific conductance, hardness, ammonia, chloride, sulfate, and bro-
mide. The leachate being produced by the landfill is probably the reason
that the concentrations of these parameters were higher in the shallow aqui-
fer near the landfill than elsewhere. The differences between water quality
in the shallow landfill wells and the other four groups of wells are dis-
cussed in succeeding sections.
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Table 6.--Probabilities for five factors affecting water-
quality parameters of county, landfill, and industrial-
park wells, calculated by analyses of variance

[All values are percentages;
at <80-percent level]

--, significant

Factors

Inter-

action

of site

type

with Well-

Site | Aquifer| aquifer |site
Parameters type depth depth location | Season
Water temperature 99 99 - - 99
pH -- -- -- 99 99
Alkalinity - - 95 99 --
Hardness - - 90 99 -
Specific conductance - 80 95 99 o
Dissolved solids - 80 95 99 -
Dissolved oxygen 95 -- - 99 -
Redox potential 98 95 80 - -
Silica - 90 -- 99 90
Chloride - 80 - 99 -
Sulfate 98 - i 99 ==
Bromide 90 - - 99 -
Calcium -- -- 80 99 —
Magnesium - - 80 99 -
Sodium - -- 99 99 -
Potassium - 95 98 99 -
Iron 80 - 95 98 90
Manganese -— - 98 99 -
Aluminum - -- - - 99
Arsenic - 80 - 99 98
Boron 95 -- 95 - -
Lead - - - - 90
Dissolved organic
carbon - -- - 99 --

Ammonia - 80 80 99 -
Nitrate 80 - 80 95 --
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Figure 43.-- Variation of mean dissolved-solids concentrations for five groups of wells.

was probably the only parameter truly affected by sampling season. The tem-
perature of the water in the shallow aquifer paralleled the ambient air tem-
perature. The temperature of samples collected in autumn (September and
October) was consistently higher than the temperature of samples collected in
the spring (March and April). Possible explanations why other water-quality
parameters were not affected by sampling season are (1) seasonal differences
in concentration of chemical species are small because there is little hydro-
logic variation seasonally in the volume of the ground-water reservoir, and
(2) the differences in temperature (<2° C) are not great enough to alter
chemical equilibria in the ground-water system.
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County Wells

Most county wells are in areas away from the probable influence of the
landfill and the industrial park. For this reason, the water-quality results
obtained from these wells were assumed to represent the background concentra-
tions for the chemical constituents of ground water in northwest Elkhart
County.

A statistical summary of the water-quality analyses for the shallow (<45
ft) county wells is presented in table 7, and a similar summary for the deep
county wells is presented in table 8. The means presented for all parameters
except redox potential, are the antilogs of the natural-log transformed
means, which approximate the geometric means. The coefficients of variation
presented differ widely from parameter to parameter. Most of the high coef-
ficients of variation can be attributed to parameter values being at or below
the detection limit of the analytical procedure used.

Results for the two sets of county wells include several general similar-
ities. The two sets have slightly basic pH (medians of 7.7) and very high
hardness (averages of 210 and 240 mg/L as CaCO3). High alkalinities (averages
of 150 and 250 mg/L as CaCO3) indicated that both waters were well buffered by
carbonate equilibria. Dissolved-solids concentrations for the two groups
averaged 280 and 302 mg/L. The water type of more than 90 percent of the
county well samples analyzed was calcium bicarbonate. These basic water-
quality characteristics are typical of ground water in glacial deposits in
the midwestern United States (Freeze and Cherry, 1979, p. 284).

The principal difference between the shallow and the deep county wells
was in their redox environments. ‘The water in the deep county wells had sig-
nificantly lower average dissolved-oxygen concentrations (0.4 mg/L) and redox
potentials (+62 mv) than that in the shallow county wells (2.4 mg/L and +246
mv), respectively. Reducing conditions were present in most deep wells,
whereas oxidizing conditions were present in most shallow wells. Reducing
conditions may be caused by microbiological processes and chemical reactions
that deplete the oxygen in ground water where organic material or other oxy-
gen-consuming substances are present. If the aquifer is in contact with the
atmosphere, as a shallow unconfined aquifer is, the dissolved oxygen can be
replenished by gaseous exchange and diffusion. However, deeper in the uncon-
fined aquifer or in a confined aquifer, dissolved oxygen that is consumed is
not readily replaced.. Furthermore, the capacity of the reducing system may
be greater than the rate of reaeration by diffusion. For several water-qual-
ity parameters, the variation in concentration between the deep and the shal-
low county wells was probably caused by the dissimilarity in the redox
potentials.

Mean nitrate and sulfate concentrations were significantly lower in the

deep county wells than in the shallow--0.17 and 4 mg/L in the deep wells and
2.3 and 27 mg/L in the shallow wells, respectively. The lower concentrations
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in the deep wells may have been due to nitrate and sulfate acting as oxidiz-
ing agents after the dissolved oxygen was depleted. Also, the shallow aqui-
fer may have received nitrate-enriched water by infiltration from fertilized
fields and residential lawns.

Dissolved-solids concentrations and specific-conductance values were
higher in the deep wells than in the shallow, owing to higher concentrations
of iron, manganese, bicarbonate, silica, magnesium, and sodium in the deep
wells. Iron and manganese concentrations were significantly higher in the
deep wells (0.71 and 0.10 mg/L) than in the shallow (0.03 and 0.01 mg/L),
respectively, probably because iron and manganese compounds are more soluble
under reducing conditions. Bicarbonate, the principal contributor to the
alkalinity, was also probably solubilized, owing to reducing conditions, as
it can be influenced by biologically mediated redox reactions. Concentra-
tions of silica, magnesium, and sodium were also significantly higher in
water from the deep wells, presumably because of longer contact time of water
with the aquifer minerals.

In aqueous solution, trace elements should behave similarly to iron and
manganese for two reasons: (1) Several trace elements are redox-affected
parameters, as are iron and manganese, and (2) their concentrations have been
shown to correlate closely with concentrations of these two elements in most
systems, owing to adsorption and coprecipitation with iron and manganese
hydrous oxides (Jenne, 1968). However, concentrations of the trace elements
determined in this study (aluminum, cadmium, chromium, mercury, lead, arsen-
ie, boron, selenium and barium) were uniformly low (at or near detection lim-
its for several) in both shallow and deep county wells.

Mean DOC concentrations were higher in the shallow wells (4.4 mg/L) than
in the deep (3.2 mg/L). The significance of this difference is questionable
because of the large variability in DOC concentrations in replicate samples
discussed in the section "Quality-Control Results and Discussion." Leenheer
and others (1974) analyzed 100 samples from wells and springs in 27 States to
obtain background concentrations of DOC. The median concentration of samples
from sand-and-gravel aquifers was 0.7 mg/L. The range of concentration was
from 0.1 to 15 mg/L, and 85 percent of the concentrations were less than 2
mg/L. Leenheer and others (1974) recommended 5 mg/L as a DOC threshold con-
centration, which, if exceeded, would indicate organic ground-water contamin-
ation. Although dissolved-organic carbon concentrations for the county wells
were higher than the background median concentration for sand-and-gravel
aquifers, they were less than 5 mg/L.

The National Interim Primary Drinking Water Regulations (NIPDWR) of the
U.S. Environmental Protection Agency (1975) established the maximum concen-
trations for certain inorganic chemicals in community-treated water systems.
These concentrations (table 9) are estimates of the concentrations of toxic
constituents that might adversely affect public heatlh.

Concentrations of 9 of the 10 inorganic constituents listed in table 9
were determined in the study. Silver was not determined because it is rarely
detected, except in areas of silver mineralization or areas receiving photo-

graphic wastes. Concentrations of silver determined by the Indiana State

Board of Health on untreated water from the three Elkhart city wells were
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Table 7.--Statistical summary of water-quality analyses for

shallow county wells, 1978-79

[All units of measure in milligrams per liter except pH
or as indicated; ND, not determined]

Coeffi-
ent of
_ Number of variation Range
Parameter analyses Mean | (percent) | Maximum | Minimum
Temperature (°C) yy 13.0 5 19.5 9.5
pH 4y i1.7 2 8.5 Tal
Specific

conductance

(umho/cm

at 25° C) 4y 48y 5 1,170 289
Oxygen, diss. 4y 2.4 62 9.5 al
Redox potential (mv) 44 +2U46 55 +480 +37
Hardness, tot.

(as CaCOj) 4y 210 5 370 120
Dissolved solids? 4y 280 6 626 168
Alkalinity, tot.

(as CaCO3) 4y 150 8 340 69
Chloride, diss. ny 17 32 210 4
Sulfate, diss. 4y 27 15 250 10
Fluoride, diss. 24 P g 92 " <.05
Bromide, diss. 10 sl 53 aill <.05
Silica, diss. 4y 11 4 15 y i
Calcium, diss. 4y 5T 7 100 32
Magnesium, diss. Ly 16 9 30 10
Sodium, diss. Ly 8 42 170 2
Potassium, diss. 4y 1.1 37 AT 3
Cyanide, tot. 10 <.005 ND <.005 <.005
Iron, diss. Ly .03 75 +03 <.005

-104-




T i o
BN

iy

Table 7.--Statistical summary of water-quality analyses for
shallow county wells, 1978-79--Continued

Coeffi-
cient of
Number of variation Range
Parameter analyses Mean (percent) Maximum | Minimum

Manganese, diss. Ly 0.01 97 0.19 <0.005
Aluminum, diss. uy <.005 79 .04 <.005
Arsenic, diss. 20 .002 58 .007 <.0005
Boron, diss. 20 <01 65 .28 <.005
Barium, diss. 20 <.05 205 | <.05
Cadmium, diss. 20 <.0005 244 .001 <.0005
Chromium, diss. 20 <.005 91 .02 <.005
Mercury, diss. 10 <.0005 ND <.0005 <.0005
Lead, diss. 20 .001 102 .006 <.0005
Selenium, diss. 10 <.0005 300 .001 <.0005
Phenols, tot. 10 <.0005 ND <.0005 <.0005
Organic carbon,

diss. 4y 4.y 39 24 .3
Ammonia as N,

diss. 4y 502 251 32 <.005
Nitrate, as N,

diss. 4y 243 76 15 <.005
Nitrite as N, 4

diss. Ly «01 395 42 <.005
Organic nitrogen,

as N, diss. Ly .08 132 .78 <.005
Orthophosphate

as P, diss. 4y .01 148 .05 <.005

IMedian value.
2Residue on evaporation at 180° C.
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Table 8.--Statistical summary of water-quality analyses for
deep county wells,

1978-79

[All units of measure in milligram per liter except pH
or as indicated; ND, not determined]

Coeffi-
cient of
Number of variation Range
Parameter analyses Mean | (percent) | Maximum | Minimum
Temperature (°C) 24 13.0 5 19.0 10.5
pH 24 YWt 1 8.2 7:3
Specifiic conductance

(pmho/em at 25° C) U 548 2 718 4u8
Dissolved oxygen 24 -4 4o T o |
Redox potential (mv) 24 +62 59 +125 +8
Hardness, tot.

(as CaCO3) 23 240 2 290 180
Dissolved solids? 2y 302 2 403 238
Alkalinity, tot.

(as CaCO03) 24 250 1 280 210
Chloride, diss. 24 15 34 60 2
Sulfate, diss. 24 y 64 40 <.05
Fluoride, diss. y 5 38 2 gl
Bromide, diss. 10 .1 50 .2 <.05
Silica, diss. 24 15 3 17 12
Calcium, diss. 23 60 2 68 48
Magnesium. diss. 23 21 7 29 12
Sodium, diss. 23 18 28 70 6
Potassium, diss. 23 1.3 28 3.3 o7
Cyanide, tot. 9 <.005 ND <.005 <.005
Iron, diss. 23 o7 -y 2.10 .01
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Table 8.--Statistical summary of water-quality analyses
for deep county wells, 1978-79--Continued

Coeffi-
cient of
Number of variation Range
Parameter analyses Mean |(percent) | Maximum | Minimum
Manganese, diss. 23 0.10 16 0.28 0.01
Aluminum, diss. 23 <.005 138 .20 <.005
Arsenic, diss. 19 .003 53 .014 <.0005
" Boron, diss. 20 .02 42 .12 <.005
Barium, diss. 19 ! 36 .2 <.05
Cadmium, diss. 19 <.0005 308 .002 <.0005
Chromium, diss. 19 <.005 88 .01 <.005
Mercury, diss. 10 <.0005 ND <.0005 <.0005
Lead, diss. 19 .001 87 .007 <.0005
Selenium, diss. 10 <.0005 ND <.0005 <.0005
Phenols, tot. 10 <.0005 ND <.0005 <.0005
Organic carbon,
diss. 24 3.2 33 1 B
Ammonia as N,
diss. 24 el 2 70 «31 < 005
Nitrate as N,
diss. 24 o iy | 231 2.2 <.005
Nitrite as N,
diss. 24 .01 228 01 <.005
Organic nitrogen,
as N, diss. 24 .09 TAT U6 <.005
Orthophosphate
as P, diss. 24 +02 201 o iy ¢ <.005

IMedian value.
2Residue on evaporation at 180° C.
-107-




Table 9.--Drinking-water standards for
selected inorganic chemicals

[Source, U.S. Environmental Protection
Agency (1975 and 1979a), primary
and secondary regulations,

respectively]
National Interim National Secondary
Primary Drinking Drinking Water
Water Regulations Regulations
Concen- Concen-
tration tration
Parameter (mg/L) Parameter (mg/L)

Arsenic 0.05 Chloride 250
Barium 1.0 Copper 1
Cadmium .010 Iron +3
Chromium .05 Manganese .05
Fluoride 11.4-2.4 pH 6.5-8.5
Lead .05 Sulfate 250
Mercury .002 Dissolved

Nitrate 10 solids 500
Selenium .01 Zinc 5
Silver .05

!Concentration varies with temperature.

less than 0.010 mg/L (Sam Lyle, Elkhart City Water Works, written commun.,
1980). Of the remaining nine constituents, only nitrate exceeded its NIPDWR
limit. Nitrate concentration (as N) exceeded the 10-mg/L limit in wells 38S
and 46S, 15 and 11 mg/L, respectively, the only time each was sampled. The
probable cause for both of these high nitrate values was the infiltration of
water into the shallow unconfined aquifer from fertilized farm fields in the
immediate vicinities of these wells.

The NSDWR, or National Secondary Drinking Water Regulations (U.S.
Environmental Protection Agency, 1979a), recommends maximum limits of inor-
ganic chemicals and water properties that might affect the esthetic quality,
taste, or odor of drinking water. These limits are also given in table 9.
Copper and zinc were not determined because, in preliminary analyses, concen-
trations of the two metals were less than or equal to 0.010 mg/L. Concentra-
tions of all other parameters included in the NSDWR were determined.
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Dissolved-solids concentration exceeded the 500-mg/L limit in water from
wells 35S, U47S, and 49S the only time that they were sampled. In wells 353
and U47S, sodium and chloride concentrations were responsible for the high
dissolved-solids concentration, whereas, in water from well 49S, calcium and
sulfate were responsible for the high concentration. The high sodium and
chloride concentrations may have been caused by infiltration of roadside run-
off containing deicing salts.

Iron concentrations exceeded the 0.3-mg/L NSDWR limit in 23 percent of
the shallow county well analyses and in 78 percent of the deep county well
analyses. Manganese concentrations exceeded the 0.05-mg/L limit in 32 per-
cent and 87 percent of the shallow county and deep county well analyses,
respectively. Two possible explanations for the frequency of these high val-
ues are: (1) The area has a natural abundance of the two elements in the
aquifer materials, and (2) the reducing conditions at depth in the aquifers
cause dissolution of minerals and coatings containing iron and manganese or
permit these elements to remain in solution.

Industrial-Park Wells

Because all complaints about ground-water quality in the industrial-park
area involved shallow wells in the adjacent residential area, all water-qual-
ity sampling was done in observation wells screened at depths of less than 45
ft. This depth criterion allowed direct comparison of the results for these
wells with those for the shallow county wells. The differences between
results for these two groups of wells indicate the effect of the industrial
park on ground-water quality. The statistical summary of the industrial park
water-quality results is shown in table 10.

Inorganic Water Quality

Several general similarities between the inorganic water quality of the
shallow industrial-park ground water (table 10) and the shallow county ground
water (table 7), respectively, were observed--slightly basic pH (medians, 7.6
and 7.8), high hardness (averages, 260 and 210 mg/L as CaCO3), high alka-
linity (averages, 210 and 150 mg/L as CaCOj3), and oxidizing redox
potential (averages, +261 and +246 mv). Calcium bicarbonate water type was
predominant in both groups of wells. Furthermore, owing to the similarity in
oxidizing conditions, concentrations of redox-affected parameters (iron,
manganese, sulfate, and trace metals) were comparable in water from both
groups of wells.
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Table 10.--Statistical summary of water-quality analyses
for shallow industrial-park wells, 1978-79
[All units of measure in milligram per liter except
PH or as indicated; ND, not determined
Coeffi-
cient of
Number of variation Range
Parameter analyses Mean |(percent) | Maximum | Minimum

Temperature (°C) 66 13.5 7 19.0 T.5
pH 66 e 1 8.3 7.2
Specific conductance

(umho/cm at 25° C) 66 585 4y 998 396
Dissolved oxygen 66 1.6 64 TeT ol
Redox potential (mv) 66 +261 43 +418 +15
Hardness, tot.

(as CaCOj) 66 260 3 380 190
Dissolved solids? 66 339 4 572 223
Alkalinity, tot.

(as CaCO3) 66 210 3 290 150
Chloride, diss. 66 29 32 110 6
Sulfate, diss. 66 28 20 57 <.5
Fluoride, diss. 22 | ND .1 .1
Bromide, diss. 22 Do 33 2 ol
Silica, diss. 66 11 5 14 9
Calcium, diss. 66 TU 4y 110 53
Magnesium, diss. 66 19 6 27 14
Sodium, diss. 66 15 24 55 3
Potassium, diss. 66 1.4 31 4,2 .7
Cyanide, tot. 22 <.005 ND <.005 <.005
Iron, diss. 66 .01 97 4.10 <.005
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Table 10.--Statistical summary of water-quality analyses for
shallow industrial-park wells, 1978-79--Continued

Coeffi-
cient of
Number of variation ~ Range
Parameter analyses Mean |(percent) | Maximum | Minimum
Manganese, diss. 66 0.01 62 0.70 <0.005
Aluminum, diss. 66 <.005 105 .20 <.005
; Arsenic, diss. 22 .001 us5 .011 .00l
Boron, diss. 22 .04 23 .23 <.005
Barium, diss. 22 <.05 124 .U <.05
Cadmium, diss. 22 <.0005 160 .003 <.0005
Chromium, diss. 22 <.005 212 .52 <.005
Mercury, diss. - ND ND ND ND
Lead, diss. 22 .001 119 .003 <.0005
Selenium, diss. - ND ND ND ND
Phenols, tot. 22 <.0005 274 .037 <.0005
Organic carbon, ,
diss. 66 ok 48 16 o2
Ammonia as N,
diss. 66 .04 332 1.0 <.005
Nitrate as N,
diss. 66 2+1 65 9.9 <.005
Nitrite as N,
diss. _ 66 .02 262 .33 <.005
Organic nitrogen
as N, diss. 66 .10 125 <78 <.005
f Orthophosphate
' as P, diss. 66 01 195 .10 <.005
IMedian value.
2Residue on evaporation at 180° C.
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Chromium concentration of water in well 116 (0.52 mg/L) exceeded the
NIPDWR limit of 0.05 mg/L (table 9) during the September 1979 sampling. The
reason for this single high concentration is not known, although chromium is
often associated with metallic plating wastes. Confirmation of this result
is needed before any further conclusions can be made.

Dissolved-solids concentration and specific conductance were both gener-
ally higher in the industrial-park wells than in the county wells (fig. 43).
The 500-mg/L NSDWR limit for dissolved solids (table 9) was exceeded in water
from two wells, 101 and 103, during both autumn samplings. These high dis-
solved-solids concentrations were primarily due to increases in chloride,
sodium, calcium, and bicarbonate concentrations. These constituents were
probably introduced into the shallow ground-water system by infiltration of
surface runoff containing road salt, lawn fertilizers, septic-tank effluent,
and other chemicals commonly associated with urbanized areas.

Concentrations of iron and manganese exceeded their secondary drinking-
water limits in water from only 9 and 18 percent of all shallow industrial-
park wells, respectively. Where present, these high concentrations were
attributed to the natural abundance of iron and manganese in the area and not
to any man-induced input.

Concentrations of all other inorganic parameters were less than their
respective drinking-water limits.

Organic Water Quality

The organic water quality of the: industrial-park area ground water was of
particular interest because eight volatile organic compounds had been detect-
ed by the U.S. Environmental Protection Agency in four nearby residential
wells in 1976 (Billy Fairless, U.S. Environmental Protection Agency, written
commun., 1976). Water samples were initially collected for analysis to
define the distribution of dissolved organic carbon. Subsequently, samples
were analyzed for three specific groups of organic compounds: acid-extract-
able (phenolic) organic compounds, base/neutral extractable organic com-
pounds, and volatile organic compounds. Acid-extractable and base/neutral
extractable organic compounds (together, the nonvolatile fraction) were
determined in addition to the volatile fraction to learn if any other types
of organic compounds were a problem. Concentrations of a fourth group, pes-
ticides and herbicides, were not determined because previous analyses by the
USEPA had indicated that these compounds were not in the ground water (Ralph
C. Pickard, Indiana State Board of Health, written commun., 1977).

Hughes and others (1974) reported that dissolved organic carbon was a
useful and definitive indicator in outlining areas of degraded water in an
alluvial aquifer in Barstow, Calif. However, samples collected for determin-
ing this constituent were not wuseful in determining the distribution of
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organic compounds in the current study. The mean concentrations of the con-
stituent for the industrial-park wells and the shallow county wells were not
significantly different. The mean DOC concentrations of water from the wells
in the industrial-park network are shown in figure 44. (Site 23S is included
because of its proximity to the industrial park.) The figure indicates that
only water from wells 109, 110, 112, 116, and 122 had concentrations greater
than the 5-mg/L dissolved-organic carbon concentration suggested as a thresh-
old concentration for organic contamination of ground water by Leenheer and
others (1974). No areal pattern of DOC concentrations could be defined from
the results. Either the variation in concentration due to sampling and
analytical errors masked the areas of high concentrations of organic com-
pounds or the concentrations were too low to be measured by the analytical
procedure. Subsequent sampling for specific types of organic compounds was
done to cover as much as possible of the area where organic compounds seemed
to be a problem in the ground water.

Concentrations of phenols, the principal compounds constituting the acid-
extractable organic compounds, were determined for samples from all indus-
trial-park wells in the autumn of 1979. Concentrations of phenols in water
from wells 108 and 115, 6 and 37 ug/L, respectively, exceeded the suggested 1
eg/L standard (U.S. Environmental Protection Agency, 1976). The reason for
the high concentrations is not known.

Samples containing base/neutral extractable organic compounds were col-
lected and analyzed in the spring of 1979. Results indicated trace amounts
(<1 pg/L) of only one compound (butyl phthalate) in this class. Because no
significant concentrations of this type of organic compound were found, no
additional samples were collected.

The third group of organic compounds investigated was the volatile organ-
ic compounds. Samples for determining concentrations of these compounds were
collected in April and September 1979. For both samplings, a complete gas
chromatography-mass spectrometry scan was initially run on a sample from the
stainless-steel well 109C. This well was chosen because it was close to the
wells where the USEPA had detected the volatile organic compounds in 1976 and
its stainless-steel construction minimized the possibility of contamination
of the organic samples. Concentrations of compounds identified in the sample
from well 109C were then determined in subsequent samples. Concentrations of
the voltile organic compounds determined are given in table 11.

The combined volatile-organic-compound concentration made up only a small
fraction of the dissolved organic carbon in almost every sample. This fact
explains why DOC was not an effective indicator for organic degradation of
ground water in the industrial park. Approximately one-fourth of the samples
collected from the same wells in both April and September 1979 had concentra-
tions of volatile organic compounds that differed by an order of one magni-
tude or more. Some compounds detected in one set of samples were not
detected in the next. Differences were also noted between the results from
the three wells at site 109, which were screened at the same depth and were
within 30 ft of each other. Analytical recoveries determined by "spiking"
samples with known concentrations of four of the volatile organic compounds,
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Figure 44.-- Mean dissolved-organic carbon concentrations for the industrial-park wells, 1978-79.
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Table 11.--Volatile-organic-compound determinations for the industrial-
park wells, 1978-79

[All values are microgram per liter: top line is April 1979 sampling
result: bottom line is September 1979 sampling result; ND, not
determined; --, below detection limit]

Meth- | Tri- Y;lel- Tri- 1,2 -
ylene | chloro- 1,1-Di- | Tri- chloro- Di-
chlo- | fluoro- | Chlo- chloro- | chloro- | ethy- Tol- | chloro-
Sites ride methane | roform | ethane ethane lene uene | propane
101 -- - - - - - - ND
ND ND ND ND ND ND ND ND
102 ND ND ND ND ND ND ND ND
103 == - - -- 87 - -= ND
L 3 B o 52 s — —
104 51 -- - 37 1,160 358 - ND
-— - - - 606 459 - -
107 - - - -- zu 82 =< ND
v LR £ i 2T 364 — e
108 31 - - - 31 17 - ND
- - - - 18 29 = -
109A 1,819 126 49 513 220 - - ND
76 - - 221 193 15 - -
109B 4,400 113 - 850 156 - - ND
794 - - - 81 - - 42y
10aC 430 TT y 120 176 - 11 ND
181 15 - - 214 22 724 855
110 - -- - - - - - ND
111 ND ND ND ND ND ND ND ND
112 - - - - - Lo - ND
S at s e e 531 o oIk
113 ND ND ND ND ND ND ND ND
e e Lome ik e 315 tad Ji
115 ND ND ND ND ND ND ND ND
116 ND ND ND ND ND ND ND ND
14T ND ND ND ND ND ND ND ND
118 ND ND ND ND ND ND ND ND
119 ND ND ND ND ND ND ND ND
23S - - - - - - - ND
fases At i P, Py e 7 i
: Percent
analytical
= recoveries 71 70 ND ND 87 100 ND ND -~
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shown at the bottom of table 11, demonstrated that analytical variation could
introduce as much as a 30-percent error in some results. Losses of the vola-
tile compounds during sampling and analysis, as well as the overall low con-
centrations (a few micrograms per liter) of these compounds were the factors
responsible for the variability in concentrations.

In spite of the limitations of the data, several important observations
and conclusions can be drawn. Of the eight volatile organic compounds
detected (table 11), four (methylene chloride, toluene, 1,1,l-trichloro-
ethane, and 1,l-dichloroethane) were also detected in the analyses by the
USEPA of samples from residential wells in 1976 (Billy Fairless, U.S.
Environmental Protection Agency, written commun., 1976). These results veri-
fied the presence of certain volatile organic compounds in the ground water
of the industrial-park area and indicated that several of these compounds
have been there at least 3 yr.

Volatile organic compounds were detected in water from only eight wells:
103, 104, 107, 108, 109, 112, 113, and 23S. As shown in figure 45, all these
sites are in the northeast part of the industrial park and the adjacent resi-
dential area.

Concentrations of the volatile organic compounds were not necessarily
higher in water from wells within the industrial park than in water from
wells outside the park. The highest average concentrations for all organic
compounds were at sites 104 and 109 in the adjacent residential area. Fur-
thermore, the concentrations of trichloroethylene and 1,1,l-trichloroethane,
the two most widely distributed compounds, were dissimilar in areal distribu-
tion. Several explanations for these findings are possible: (1) The source
of the organic compounds is not within the industrial park; (2) the source is
within the industrial park but is north of the observation wells sampled; or
(3) there is more than one source for the different organic compounds. Addi-
tional data would be needed to determine the source of these compounds.
Because the organic compounds were localized over a small area, the indus-
trial-park observation-well network was probably not sufficiently detailed
for accurately locating a source or delineating a plume of the detected
organic compounds.

None of the National Interim Primary Drinking Water Regulations were
exceeded in the analyses for organic compounds because the only organic com-
pounds having limits are total trihalomethanes (U.S. Environmental Protection
Agency, 1979b, p. 68625) and several pesticides and herbicides (U.S.
Environmental Protection Agency, 1975). Only one trihalomethane (chloroform)
was 1identified in the study, and its concentration did not exceed the
100-pg/L limit.

Only one volatile organic compound (trichloroethylene) exceeded USEPA
Health Effects Advisory Limits (National Research Council, 1980). The aver-
age concentration of this compound in water from industrial-park wells 104,
107, 112, and 113 exceeded the 200-pg/L short-term maximum 1limit (Joseph
Prince, U.S. Environmental Protection Agency, written commun., September 25,
1979). The 20-ug/L long-term limit was exceeded in at least one sample from
six of the seven wells (104, 107, 108, 109C, 112, and 113), where trichloro-
ethylene had been detected.
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Though the methylene chloride concentrations detected did not exceed the
short-term (7-day) advisory limit of 5 mg/L (National Research Council, 1980,
p. 128), concentrations in water from wells 109A and 109B were 1.8 and 4.4
mg/L, respectively. Whether these concentrations exceed any long-term limit
for this compound is not known because data for calculating such a standard
are insufficient.

Landfill Wells

Shallow and deep landfill wells were separated into groups by depth (<45
ft and >45 ft) to allow simplified analysis of water-quality data and compar-
ison of these data with shallow and deep county-well data. This separation
by depth resulted in groups of wells that correspond fairly closely to the
unconfined and the confined aquifers at locations where a confining silt and
clay layer was present. The statistical summaries of the water-quality data
for these shallow and deep landfill wells are given in tables 12 and 13,
respectively.

There are several general similarities in water quality between the shal-
low and the deep landfill wells--slightly basic pH (medians, 7.5 and 7.6),
high alkalinity (averages, 210 and 210 mg/L as CaCO3), and high hardness
(averages, 280 and 230 mg/L as CaCO3), respectively. The water type of
more than 80 percent of the samples collected from the landfill wells was
calcium bicarbonate.

Comparison of the shallow and the deep landfill-well data showed that
partially oxidizing conditions (average redox potential, +16lmv; average dis-
solved-oxygen concentration, 0.9 mg/L) were present in the shallow landfill
well water, whereas reducing conditions (average redox potential, +26 mv;
average dissolved-oxygen concentration, <0.05 mg/L) were present in the deep
landfill well water. Concentrations of iron and silica in water from the
deep wells were significantly higher than the concentrations of these con-
stituents in water from the shallow wells, probably because of the reducing
conditions and longer contact times between the water and the aquifer mater-
ials in the deep wells. Dissolved-solids, chloride, sulfate, calcium, sod-
ium, and potassium concentrations and specific-conductance values were higher
in the shallow aquifer than in the deep aquifer. The differences are prob-
ably due to the presence of landfill leachate and its effects on water qual-
ity in the shallow wells.

Comparison of the water-quality data for deep county wells with those for
deep landfill wells (tables 8 and 13) shows few differences. The data indi-
cate that reducing conditions and concentrations of most major cations and
anions, trace elements, nutrients, and dissolved organic carbon in water from
the two groups of wells are similar.
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The National Interim Primary Drinking Water Regulations were not exceeded
in any of the samples from the deep landfill wells. However, the National
Secondary Water Regulations (table 9) for dissolved solids, iron, and mangan-
ese were exceeded. Dissolved-solids concentrations of water from wells M2
and El1 (fig. U41), which are downgradient from the landfill, exceeded 500
mg/L. Seventy-eight and 88 percent of the iron and manganese concentrations,
respectively, of all the deep landfill-well samples exceeded the National
Secondary Drinking Water Regulations for these two metals. This similarity
of water quality in the deep landfill wells and the deep county wells indi-
cates that the ground water underlying the Elkhart area is naturally high in
iron and manganese.

The 5-mg/L limit suggested by Leenheer and others (1974) as a threshold
concentration for organic degradation was exceeded in all four samples col-
lected from well El. This high dissolved-organic carbon concentration was
probably caused by leachate from the landfill.

Comparison of the data for shallow county and shallow landfill wells
(tables 7 and 12) shows several significant differences in water quality.
Samples from the shallow landfill wells generally had little dissolved oxygen
(0.9 mg/L) and only partially oxidizing conditions (+161 mv). Mean dis-
solved-solids concentrations and specific-conductance values of water from
shallow landfill wells were higher than those of water from the shallow
county wells. Concentrations of chloride, sulfate, calecium, sodium, potas-
sium, and iron in water from the shallow landfill wells were also higher.
Leaching of waste materials from the landfill into the shallow aquifer was
probably the cause of the differences.

Nitrate concentrations of water from the shallow landfill wells were low-
er than those concentrations of water from the shallow county wells. This
may have been caused by denitrification or nitrate behaving as an oxidizing
agent in the landfill well water having a low dissolved-oxygen concentra-
tion. Ammonia concentrations being higher in the shallow landfill well water
than in the shallow county well water supports the idea of nitrate behaving
as an oxidizer.

Nitrate concentration exceeded the 10-mg/L NIPDWR 1limit (table 9) in
three samples, one from well E2 and two from well A2 (fig. 41). The high
nitrate in water from well E2, directly downgradient from the landfill, is
probably caused by the leachate. The high nitrate in water from well A2,
upgradient from the landfill but in the median of a road, may have been
caused by runoff from adjacent farm fields.

In April 1979, the chromium concentration of water from well Ml, in the
landfill, exceeded the 0.05-mg/L NIPDWR 1limit, but, in September 1979, the
concentration fell below the limit.

During the study, the NSDWR 1limit for dissolved solids (table 9) was
exceeded in water from wells B2, M1, E2, Pl, N1, Ql, and F3. All the high
dissolved-solids concentrations except that in well F3 water were probably
due to the effect of the landfill leachate. Well F3 is near a main highway,
and the high dissolved-solids concentration of its water was probably due to
a high chloride concentration contributed by a highway deicing chemical.
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Table 12.--Statistical summary of water-quality analyses
for shallow landfill wells, 1978-=79

[All units of measure in milligram per liter except pH
or as indicated; ND, not determined]

Coeffi-
cient of
Number of variation Range
Parameter analyses Mean |(percent) | Maximum | Minimum
Temperature (°C) 62 12.5 8 20.0 755
pH 62 '7.5 2 8.7 6.1
Specific conductance

(umho/cm at 25° C) 62 152 10 9,220 316
Dissolved oxygen 62 .9 125 10.0 <.05
Redox potential (mv) 60 +161 91 +490 =172
Hardness, tot.

(as CaCO3) 62 280 10 3,400 81
Dissolved solids? 62 449 11 8,040 181
Alkalinity, tot.

(as CaCO3) 62 210 16 3,100 39
Chloride, diss. 62 32 24 180 6
Sulfate, diss. 62 58 25 1,300 5
Fluoride, diss. 32 <.05 115 ol <.05
Bromide, diss. 29 .8 105 el <.05
Silica, diss. 62 10 IT 56 1
Calcium, diss. 62 76 14 1,200 24
Magnesium, diss. 62 21 18 93 5
Sodium, diss. 62 29 35 750 6
Potassium, diss. 62 3.1 64 53 1.0
Cyanide, tot. 30 <.005 305 .03 <.005
Iron, diss. 62 .15 45 14 <.005
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Table 12.--Statistical summary of water-quality analyses
for shallow landfill wells, 1978-79--Continued

Coeffi-
cient of
Number of variation Range
Parameter analyses Mean | (percent) |Maximum | Minimum

Manganese, diss. 62 0.04 54 4,40 <0.005
Aluminum, diss. 62 +01 72 .38 <.005
Arsenic, diss. 46 .001 93 .029 <.0005
Boron, diss. 45 .05 34 1.90 <.005
Barium, diss. 45 <.05 114 e <.05
Cadmium, diss. 46 <.0005 110 .002 <.0005
Chromium, diss. L6 <.005 124 .07 <.005
Mercury, diss. 31 <.0005 ND <.0005 <.0005
Lead, diss. 46 .001 90 .010 <.0005
Selenium, diss. 31 <.0005 387 T 001 <.0005
Phenols, diss. 29 .001 400 .001 <.0005
Organic carbon,

diss. 62 (7 66 3,280 .h
Ammonia as N,

diss. 62 .88 237 450 <.005
Nitrate as N,

diss. 62 .93 124 16 <.005
Nitrite as N,

diss. 62 .02 213 .19 <.005
Organic nitrogen

as N, diss. 62 +52 579 750 <.005
Orthophosphate

as P, diss. 62 .02 368 .60 <.005

IMedian value.
2Residue on evaporation 180° C.
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Table 13.--Statistical summary of water-quality analyses

for deep landfill wells,

1978-79

[All units of measure in milligram per liter except pH
or as indicated; ND, not detected]

Coeffi-
cient of
Number of variation Range
Parameter analyses Mean | (percent) | Maximum | Minimum
Temperature (°C) Y 115 2 15.5 10.5
pH T4 17.6 1 8.5 7.3
Specific conductance

(imho/ecm at 25° C) Tu 48y uy 1,050 356
bissolved oxygen T4 <.05 ND 1 <.05
Redox potential (mv) 69 +26 164 +118 -179
Hardness, tot.

(as CaCO3) 74 230 3 390 180
Dissolved solids? 74 266 5 624 137
Alkalinity, tot.

(as CaCO3) T4 210 y 390 130
Chloride, diss. T4 10 38 66 1
Sulfate, diss. 4 13 48 210 <.05
Fluoride, diss. Ly 8 43 3 <.05
Bromide, diss. 30 .U 148 B3, <.05
Siltica, ‘disss T4 14 5 20 9
Calcium, diss. T4 57 y 100 4y
Magnesium, diss. T4 20 5 33 15
Sodium, diss. 74 10 39 100 3
Potassium, diss. 74 el 39 6.8 .5
Cyanide, tot. 29 <.005 ND <.005 <.005
Iron, diss. TY .48 A s} 1.40 .08
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Table 13.-- Statistical summary of water-quality analyses

for deep landfill wells,

1978-79--Continued

Coeffi-
cient of
Number of variation Range
Parameter analyses Mean | (percent) | Maximum | Minimum

Manganese, diss. T4 0.07 20 0.25 <0.005
Aluminum, diss. 74 <.005 85 .03 <.005
Arsenic, diss. 52 .004 53 .030 <.0005
Boron, diss. 52 <02 4y .25 <.005
Barium, diss. 52 <.05 08 2 <.05
Cadmium, diss. 52 <.0005 128 .002 <.0005
Chromium, diss. 52 <.005 139 .02 <.005
Mercury, diss. 37 <.0005 ND <.0005 <.0005
Lead, diss. 52 .001 96 .013 <.0005
Selenium, diss. 37 <.0005 ND <.0005 <.0005
Phenols, tot. 30 <.0005 267 .002 <.0005
Organic carbon,

diss. T4 3.6 40 33 l
Ammonia as N,

diss. T4 :l5 89 1.3 <.005
Nitrate as N,

diss. TU «OL 131 .07 <.005
Nitrite as N,

diss. T4 <.005 604 «01 <.005
Organic nitrogen

as N, diss. T4 k3 172 3l <.005
Orthophosphate

as P, diss. T4 <.005 269 .09 <.005

IMedian value.

2Residue on evaporation at 180° C.
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Forty-eight and 61 percent of the iron and manganese concentrations,
respectively, of the shallow landfill-well samples, exceeded the NSDWR limits
for these two metals. These percentages were approximately twice those for
the shallow county-well samples, which indicate that the 1landfill was a
source of these metals and that the redox environment it created was favor-
able for them to remain in solution.

Sulfate concentrations of water from wells B2, M1, and E2 exceeded the
250-mg/L NSDWR 1limit for this constituent. These high concentrations were
apparently due to the effect of the landfill.

Dissolved-organic carbon concentrations exceeded the 5-mg/L threshold
concentration suggested by Leenheer and others (1974) in at least 75 percent
of the samples collected from shallow landfill wells M1, E2, N1, Pl, Q1, I?,
F3, and A2. All wells except F3 and A2 were at sites directly downgradient
from the landfill.

Two volatile organic compounds, trichloroethylene (55 pg/L) and toluene
(23 ug/L), were identified in a sample from well Ml in the landfill. How-
ever, in water from well E2, 300 ft downgradient from Ml, concentrations of
these compounds were less than 2 pg/L. These results indicate that the com-
pounds either did not stay in solution or were diluted very rapidly in the
ground water to less than detection limits.

Effect of the Landfill on Ground-Water Quality

In the preceding section, the landfill was cited as the probable source
of the high concentrations of many dissolved constituents. The high concen-
trations resulted from the formation of leachate within the 1landfill and
movement of the leachate downgradient from the site. To understand the ef-
fect of the landfill on ground-water quality, one must understand the origin
of leachate and some of its common chemical characteristics.

Precipitation on a landfill may leave the area as surface runoff, return
to the atmosphere by evapotranspiration, or infiltrate the landfill. If it
infiltrates, the water percolates through the solid waste and may dissolve
chemical species. The percolating water contains dissolved oxygen that can
be used by microbiological populations active in the 1landfill to oxidize
organic matter. Because of the large quantity of organic material in most
landfills, the supply of dissolved oxygen is usually not sufficient to satis-
fy the demand. Thus, anaerobic conditions are created in the water while it
is still in the 1landfill. Under these reducing conditions, solvent action
results in a solution highly enriched in many dissolved chemical constitu-
ents and generally referred to as leachate. Leachate moves from the landfill
into the ground-water system and then moves in response to ground-water and
density gradients. It may eventually form a plume of water containing high
concentrations of dissolved constituents.
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The general chemical characteristics of landfill leachate are a low dis-
solved-oxygen concentration, a low redox potential, and a high dissolved-sol-
ids concentration. The specific constituents of the dissolved solids are
different for each landfill because of the unique combination of solid wastes
buried at each site (Boggess, 1975; Zenone and others, 1975; and Kimmel and
Braids, 1980).

In the present study, concentrations of chloride, sulfate, calcium, sod-
ium, potassium, and iron in water from the shallow landfill wells were sig-
nificantly higher than concentrations of those constituents in water from the
shallow county wells. Concentrations of bicarbonate, magnesium, bromide,
manganese, dissolved organic carbon, ammonia, and organic nitrogen in water
from shallow wells in the vicinity of the landfill were also higher.

The chemistry of the leachate can be explained more clearly if the data
for the set of shallow landfill wells along the line C-C' (fig. U41) are
examined. Included in this group are wells M1, E2, Ql, I3, and Kl. Chemical
analyses of samples collected from the first four wells in September 1979 and
from well K1 in October 1978 are given in table 14. Mean values for shallow
county-well analyses are included for background concentration reference.

The water-quality results obtained from sampling well M1 in the landfill
were assumed to represent the concentrations of all parameters in the undi-
luted leachate. In water from this well, there was no detectable dissolved
oxygen, a very low redox potential, and a dissolved-solids concentration more
than 25 times that of the mean background concentration of the shallow county
well water. All other concentrations for Ml, shown in table 14, except
nitrate, were at least five times the concentrations of dissolved constitu-
ents in the shallow county well water. Even for these high concentrations,
the water type was still calcium bicarbonate.

In the absence of dissolved oxygen, bacterial populations in the landfill
use nitrate, sulfate, and 1less-reduced organic compounds as oxidizing
agents. Dissolved-nitrate concentrations of water from well M1l were low, but
ammonia concentrations were very high, which indicates that most of the
nitrate had already been oxidized. Sulfate concentration was high, and a
strong hydrogen sulfide odor was noted. This suggests that sulfate was being
reduced by bacteria.

The high concentration of manganese in water from well M1 (4.4 mg/L) can
be attributed to the reducing conditions under the 1landfill. Relative to
manganese, the concentration of iron was low. Ferrous iron (Fe*?) is known
to precipitate with hydrogen sulfide under the pH and redox conditions of the
ground water beneath the landfill (Stumm and Morgan, 1970, p. 529). Thus,
much of the iron was probably present as an insoluble sulfide.

High concentrations of other constituents were probably due to wastes

buried in the landfill. These constituents were mobilized by exchange and
dissolution reactions taking place during the formation of leachate.
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Table 14.--Chemical analyses of water samples from selected shallow
landfill wells, September 1979
[All units of measure in milligram per liter except as indicated]
Shallow
' county Shallow landfill wells
Parameters wells! M1 E2 Q1 13 K12
Oxygen, diss. 2.4 <0.05 <0.05 <0.05 <0.05 <0.05
Redox potential (mv) +2U6 -133 +130 +51 +21 +22
Dissolved solids? 280 7,830 1,640 448 358 222
Specific conductance
(pmho/cm at 25° C) 484 9,220 2,840 793 638 356
Alkalinity as CaCOgj3 150 2,380 1,100 380 300 150
Chloride, diss. 17 98 98 23 1y 8
Sulfate, diss. 27 620 190 8 5 36
Bromide, diss. orl. T 5.9 2.3 1.6 o2
Sodium, diss. 8 570 400 54 20 by
Potassium, diss. Tal 51.0 53.0 6.5 1.3 1.0
Magnesium, diss. 16 90 75 24 26 15
Calcium, diss. 57 1,200 6L T 82 53
Iron, diss. .03 .64 .93 1.60 1.20 .38
Manganese, diss. .01 4.40 .24 .10 .10 .14
Ammonia as N, diss. .02 450 20 4.1 .34 .08
Nitrate as N, diss. 2.3 .09 3.8 .01 .76 <.005
Organic carbon, diss. 4.4 3,280 uy 11 6.6 9.1
1Shallow county well results are mean values from table 7, which represent
_ background concentrations. i
“Kl1 was sampled for bromide only in September 1979. Other data for K1 are i
from October 1978 sampling. i
3Residue on evaporation at 180° C. :
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At well E2, 300 ft downgradient from well M1, several significant changes
in the leachate chemistry were observed. Although no dissolved oxygen was
detected in the water, an increase in the redox potential indicated that the
system had become 1less reducing. The dissolved-solids <concentration
decreased to less than a third of the concentration of water from well Ml.

The water type changed from calcium bicarbonate to sodium bicarbonate,
principally because of a significant decrease in dissolved calcium.’ Two types
of reactions may have been responsible for the observed change in water
type. The water may have been softened, immediately downgradient from the
landfill, by exchange of dissolved calcium for potassium or sodium on the
aquifer materials. The potassium concentration increased slightly in the 300
ft between wells M1 and E2, whereas sodium concentration decreased less than
would have been possible by simple dilution or dispersion. Another explana-
tion for the decrease in calcium concentration is that some calcium minerals
may have precipitated between wells M1 and E2. WATEQF, a chemical-equilibri-
um computer program, was run with the data from both M1 and E2. The results
showed that solubility products for calcite, aragonite, dolomite, and several
aluminosilicates that contain calcium were exceeded in both sets of data.
Thus, some calcium minerals may have precipitated under the conditions in the
system at site E. A combination of ion exchange and precipitation was prob-
ably responsible for the decrease in dissolved calcium downgradient from well
M1.

Ammonia concentration of water from well E2 was low in comparison with
that of water from well Ml. However, nitrate concentration of water from
well E2 was high in comparison with that of water from well Ml. These find-
ings indicated that nitrate-reducing bacteria were probably the predominant
microbiological influence affecting the water quality at well E2. Further-
more, little or no hydrogen sulfide odor was detected in water from well E2.
Thus, very few if any sulfate-reducing bacteria were active.

Wells Ql, I3, and K1 are progressively downgradient from site M. Data in
table 14 show that concentrations of most parameters gradually decreased to
near-background concentrations at well KI1. The 1low dissolved-oxygen and
nitrate concentrations and the hydrogen sulfide odor noted in these wells
indicated that sulfate-reducing bacteria were active in the shallow uncon-
fined aquifer downgradient from the landfill.

Areal and Vertical Extents of the Landfill Leachate

The areal and the vertical extents of landfill-leachate plumes have
classically been determined by observation of concentrations of certain indi-
cator parameters. Clark and Piskin (1977) listed five important characteris-
tiecs for an effective indicator: (1) Availability. The indicator must be
available in significant concentrations in the waste material deposited in
the landfill. (2) Mobility. The indicator must be readily solubilized from
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the solid waste and must move downgradient with the leachate. (3) Persist-
ence. The indicator must be conservative; that is, it must not participate
in ion exchange, adsorption, or precipitation reactions or microbiological
interactions as it moves downgradient. (4) Contrast. The indicator must be
present in significantly higher concentrations in the plume than in back-
ground water. (5) Analyticity. The indicator must be readily measurable by
a standard method.

Bromide was the best indicator of landfill leachate because it satisfied
all the necessary criteria without any qualifications. It had been shown to
be a conservative, mobile, and measurable parameter by Jester and Uhler
(1974, p. 1) and Jester and others (1977). Further, bromide was available in
significant concentrations in the undiluted 1leachate, 50 to 70 times the
background concentrations. Bromide concentration was at background every-
where in the study area except in and downgradient from the landfill.

Dissolved-solids concentration was unsuitable as an areal leachate indi-
cator because it was affected by the infiltration of road salt to the shallow
aquifer near streets in the landfill area. However, it was of some use as a
vertical-plume indicator because there was sufficient contrast between back-
ground and plume water at depth. All other constituents considered as possi-
ble indicators were eliminated, primarily because they were not conservative
or were derived from sources other than the landfill.

The bromide concentrations obtained from the shallow landfill wells in
September 1979 were plotted areally (fig. 46) to indicate the location of the
leachate plume. The lines of equal concentration are an estimate of the
extent of the affected ground waters. The directional trend of the plume was
generally south from the landfill toward the St. Joseph River. This trend
coincides with the regional ground-water flow.

The bromide concentrations of water from shallow wells that are lateral
and upgradient from the landfill (A2, C2, B2, D1, and 0l) were not signifi-
cantly higher than background concentrations of water from county wells,
which indicates that the landfill was the source of the bromide downgradient
from it. The east boundary of the plume lies between site F, where bromide
was equal to background, and site P, where bromide concentration exceeded
background. The west boundary of the plume was less definable because of a
lack of data. However, all complaints concerning the quality of well water,
received by the ISBH, came from residences directly south of the landfill
boundary. These observations indicate that the leachate plume had not spread
much laterally. The 1location of the south edge of the leachate front in
September 1979 was between sites I and K, 3,100 to 5,600 ft downgradient from
the landfill. Further definition of the front could not be made because of
the wide well spacing and the lack of sampling wells in some parts of the
area south of the landfill. The dashed line representing the 1-mg/L bromide
concentration contour in figure 46 is an estimate of the extent of the plume.

The distance that leachate traveled downgradient from the landfill was
calculated by multiplying estimates of ground-water velocity in the shallow
aquifer and the length of time that the leachate had been produced. An aver-
age value for ground-water velocity of 3 ft/d was estimated for the vicinity
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of the landfill. The length of time that the leachate had been produced was
not known, but it was estimated to be 5 yr on the basis of the date (1974)
when the residential well complaints were received by the ISBH. The length
of the plume was calculated to be approximately 5,500 ft. This length falls
within the 3,100 to 5,600 ft distance indicated by the bromide data and dem-
onstrates that the use of the bromide ion to estimate the extent of the
leachate plume is reasonable. :

The vertical extent of the leachate plume was determined by plotting the
bromide data obtained in September' 1979 for the sites on geologic section
C-C' (fig. U47). Two important observations can be made from this data
presentation: ' '

(1) At site I, the low bromide concentrations of water in the
15-ft well and the high bromide concentrations of water in
the 35-ft well indicated that the plume was sinking as it
moved downgradient. This sinking trend was probably caused
by the prevailing ground-water-flow direction and recharge
distribution in this 1location. Difference in density
between the leachate and the contiguous ground water was
another possible explanation (U.S. Environmental Protection

Agency, 1977).

(2) High bromide concentrations of water from the deep wells in
and immediately downgradient from the landfill (M2, El1, and
E3) indicated that the leachate had penetrated the aquifer
to at least the depths of these wells. The high bromide
concentration of water from the deep well at site I indi-
cated that the leachate front was between sites E and T in
the deep aquifer. The lack of other deep sampling wells in
this 'area prevented a more accurate definition of the
front's position.

There are various explanations of why the leachate penetrated the aquifer
to the depths of the deep wells at sites M and E. For example, although no
downward vertical gradients were detected from the available water-level
data, downward flow could still have taken place during the history of the
landfill. Also, with the absence of any significant clay or silt layer in
the immediate vicinity of the landfill, the leachate may have simply dis-
persed and diffused down into the wells during the time that the landfill has
been used, possibly being driven by density gradients or recharge patterns.
Actually, both explanations probably apply.

The dissolved-solids concentrations of water at sites M, E, Q, and I in
the autumn of 1979 and at site K in the autumn of 1978 were plotted in geo-
logic section C-C' in figure 48. The vertical extent of the dissolved-solids
data was nearly identical with that of the bromide data, where leachate was
detected in the deep wells at sites M and E but not at site I. The contrast
between the dissolved-solids concentrations of water from the shallow wells
at sites I and K and in the plume was not as distinct as in other landfill
wells, probably owing to infiltration of road salt.
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Figure 47.-- Geologic section showing vertical extent of bromide concentrations for landfill wells, 1978,

Attenuation of Leachate

The leachate from a landfill can be attenuated by physical mixing (dis-
persion, advection, and diffusion) or by chemical reactions and microbiologi-
cal interactions that involve removal of dissolved chemical constituents from
solution or changes in the dissolved chemical species. Attenuation of the
leachate is demonstrated in figure 49, where enrichment ratio (sample concen-
tration/background concentration) is plotted against distance downgradient
from site M. This ratio decreases as the leachate is attenuated. Bromide, a
conservative constituent, is an excellent example of a parameter that under-
goes attenuation by physical mixing processes. The enrichment ratio of
bromide (71) at well M1 gradually decreased to unity by the time that the
leachate reached well K2 (5,600 ft downgradient from site M) because only the
physical processes of dispersion, advection, and diffusion were involved.
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Figure 48.-- Geologic section showing vertical extent of dissolved-solids
concentrations for landfill wells, 1978-79.

The landfill contains large quantities of two nonconservative parameters,
calcium and sulfate. Calcium is involved in exchange and precipitation reac-
tions, whereas sulfate is involved in microbiologically mediated reactions.
The enrichment ratios for these two parameters were also plotted in figure
49, The calcium-enrichment ratio dropped to near unity within 300 ft down-
gradient from the landfill, whereas the sulfate enrichment ratio decreased to
unity within 1,800 ft downgradient at site Q. The concentrations of calecium
and sulfate decreased more rapidly than that of bromide because physical,
chemical, and microbiological factors were affecting them. . These factors
restricted the distribution of calcium and sulfate to a localized area around
the landfill. Bromide indicates the maximum extent of the leachate plume.
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Effects of Simulated Pumping on the Leachate Plume

The simulations in Part 1 indicated that the 20-Mgal/d pumping was the
only pumping that could cause even a small percentage of water to flow from
the landfill area to the well field proposed for the site at the airport.

Even if significant quantities of leachate could be drawn into the area, fig-.

ure 49 indicates that the leachate would be attenuated to background concen-
trations by the time it traveled the distance between the landfill and the
airport. This distance is nearly the same as that between sites M and K.
The conclusion is based on the assumption that the ground water being drawn
toward the proposed well field would move with a velocity similar to that of
the local ground water. Also supporting the conclusion was the absence of
high concentrations of toxic chemicals except within about 300 ft downgrad-
ient from the landfill.

Because the 7.5- and 10-Mgal/d pumpings simulated at the airport did not
significantly affect the ground-water flow system in the landfill area,
analysis of the Iflow direction indicated that these pumpings should not
affect the current position of the leachate plume. The 20-Mgal/d simulated
pumping slightly affected the flow system near the landfill. Therefore,
analysis of the flow direction indicated that ground water in some new areas
may be affected by leachate if that pumping rate is used.

SUMMARY AND CONCLUSIONS

The aquifer system in northwest Elkhart County consists of an extensive
unconsolidated outwash deposit averaging 175 ft in thickness. This deposit
is mainly composed of coarse sand and gravel. A layer of silt and clay aver-
aging 20 ft in thickness is interbedded in the sand and gravel. The silt and
clay bed, where present, confines the underlying aquifer. Where the bed is
absent, as in the vieinity of the Himeco landfill and the Elkhart Municipal
‘Airport, the entire aquifer is unconfined. Average hydraulic conductivities
of the sand, and the sand and gravel, are 80 and 400 ft/d, respectively. The
outwash system extends beneath a till plain in the southeast part of the
study area. Both unconfined and confined aquifers underlie till.

Flow in the aquifers is generally toward the St. Joseph River. Vertical
head gradients are minimal, except in areas near the major streams, where
upward gradients exist. :

A quasi-three-dimensional ground-water flow model was constructed to sim-
ulate flow in the Elkhart area. The model was calibrated to the best match
of measured water levels and seepage data. Sensitivity analyses were done to
determine which areas of the model were sensitive to parameter adjustments.
The model was most sensitive to the vertical hydraulic cdnductivity of the
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streambed for certain stretches of the St. Joseph and Elkhart Rivers and the
transmissivities of the unconfined and the confined aquifers in areas near
these rivers.

Pumpings of 7.5, 10, and 20 Mgal/d were simulated for a well field pro-
posed for a site at the airport. Resulting drawdowns in the viecinity of the
pumping center in all simulations were a small fraction of the total satu-
rated thickness of the aquifer. Model-simulated streamflow reduction in
Christiana Creek for these pumpings were 9, 12, and 23 percent of base flow,
respectively. The model also showed that the 7.5- and 10-Mgal/d pumpings
simulated would not alter the flow pattern enough to cause ground-water flow
from the landfill to the vicinity of the pumping center. Results from the
20-Mgal/d simulation indicated that a small part of the flow to the pumping
center at the airport may come from the landfill area.

Two additional 10-Mgal/d simulations of pumping at the airport were
done. In one, the transmissivity of the aquifers was reduced to one-tenth
the calibrated value, and, in the other, the streambed leakance of Christiana
Creek was reduced by the same factor. Results from these two simulations
showed that the flow pattern would still not be altered enough to cause
ground-water flow from the landfill area to the airport. A transient simula-
tion showed that equilibrium conditions would be reached in approximately 600
days of 10-Mgal/d pumping.

An analysis of variance demonstrated that site location was the factor
that significantly affected the results of the greatest number of water-qual-
ity parameters. 'Following in order from most influential to least were: the
interaction of site type and aquifer depth, aquifer depth, site type, and
sampling season. )

The general quality of ground water included slightly basie pH (7-8), an
average hardness >200 mg/L as CaCO3, an average alkalinity >150 mg/L as
CaCO3/L, and, for more than 90 percent of all analyses, a calcium bicar-
bonate water type. Water in shallow wells generally differed from water in
deep wells in that the redox potential of the water in shallow wells repre-
sented oxidizing conditions, whereas, in deep wells the redox potential of
the water represented mostly reducing conditions. National Interim Primary
- Drinking Water Regulations were exceeded for only one inorganic parameter,
‘-nitrate. The National Secondary Drinking Water Regulations limits for dis-
solved solids, iron, and manganese were surpassed in several county wells.

The industrial-park well water had the same general inorganic quality
characteristics as the county well water. The investigation of the organic
water quality of these areas showed that base/neutral extractable organic
concentrations were no greater than trace amounts and that acid-extractable
(phenolic) organic concentrations were greater than limits suggested by USEPA
in water from only two wells. Eight volatile organic compounds were detect-
ed: trichloroethylene, trichlorofluoromethane, methylene chloride, toluene,
1,1,1-trichloroethane, 1l,l-dichloroethane, chloroform, and 1,2-dichloropro-
pane. Volatile organic compounds were detected in water from only eight
wells localized in the northeast part of the industrial-park and the adjacent
residential area. Health-effects advisory limits recommended by USEPA for
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7-day and chronic exposure to trichloroethylene were-exgeeded in water from
four and six of "these eight wells, respectively. These results did not
define a plume or a source of these compounds.

The deep landfill well water had the same ‘basic quality as the deep
county well water, but large differences were noted between the chemical
quality of the shallow landfill and shallow county well water, owing to the
leachate in the shallow landfill well water. The NIPDWR for nitrate and
chromium were exceeded in water from three and one of the 45 ‘wells sampled,
respectively. NIPDWR limits for concentrations of dissolved solids, iron,

"and manganese were surpassed in water from several of the landfill wells.

The water chemistry of the landfill leachate was characterized by no
 detectable dissolved-oxygen concentrations, highly reducing conditions, and
dissolved-solids concentrations 25 times the background concentration. Con-
centrations of bicarbonate, bromide, chloride, sulfate, ammonia, calcium,
magnesium, manganese, potassium, sodium, and dissolved organic carbon were at
least 5 times the mean concentrations of these constituents in county well
water. Concentrations of most constituents decreased with distance downgrad-
ient from the landfill and reached near-background values at a site 5,600 ft
downgradient from it.

Bromide and dissolved-solids concentrations were useful indicators of the
landfill leachate in the study. Areal plots of bromide concentrations of the
shallow landfill well water showed that the landfill was the source of the
‘leachate, the plume had not spread out much farther laterally than the ori-
ginal width of the landfill, and the leachate was present between 3,100 ft
and 5,600 ft downgradient from the landfill. The length of the plume was
estimated to be 5,500 ft. Bromide and dissolved-solids concentrations
plotted in cross section showed that the leachate plume was sinking in the
shallow aquifer downgradient from the landfill and that the leachate was pre-
sent in deep wells. under and immediately downgradient from the landfill.

The conservative constituent bromide was attenuated by dispersion, advec-
tion, and diffusion within 5,600 ft downgradient from the landfill, whereas
the nonconservative constituents, calcium and sulfate, were attenuated by
physical, chemical, and microbiological processes within much shorter dis-
tances. Thus, even if pumping at the proposed well field would draw water
from the landfill area, attenuation would probably reduce the high concentra-
tions of most leachate constituents by the time the water reached the airport
site. Because the T7.5- and 10-Mgal/d simulated pumpings did not signifi-
cantly affect the ground-water flow system in the landfill area, the current
position of the leachate plume probably will not change. However, because
the 20-Mgal/d pumping did slightly affect the flow system near the landfill,
some new areas of leachate-influenced ground water may result from this

pumping.
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